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 Two methods, independent of each other, are developed and optimized separately. 
Both methods use the same approach, the use of chromatography technique followed by 
post-column reaction for the analysis of haloacetic acids and chloramine compounds.  
The first method, post-column reaction ion chromatography analyzer with internal 
standardization (IS-PCR-IC), is optimized to determine nine haloacetic acids (HAAs) in 
drinking water, operating in near real-time. The IS-PCR-IC method requires a minimal 
sample preparation that consists of passing water samples through cartridges to remove 
chloride and sulfate ions and introducing the pretreated samples into the on-line channel 
of the automated instrumentation. Two sets of water samples are analyzed and method 
detection limit (MDL), accuracy, and precision studies are conducted prior to the water 
sample analyses. The experimental MDL values for the HAAs range from 1.4 to 7.8 
g/L; the mean percent recovery values range from 75.9 to 111.5%; and the percent 
relative standard deviation values range from 6.2 to 34.6%. The concentration of each 
HAA and the total concentration of five regulated HAAs and nine HAAs found in these 
water samples are determined in one hour run using internal standardization method; and 
the results are compared to the USEPA Method 552.3. The bias values between these two 
methods for total concentration of all nine HAAs range from 0.4 to 12.5 g/L. In 
addition, a reaction mechanism of HAAs with nicotinamide (post-column reagent) is 
proposed. The formation of intermediates and products are explained from 
spectrophotometric studies and also from a mass spectrometry product investigation 
v 
 
study. The spectrophotometric studies are carried out in order to understand the post-
column reaction chemistry as well as the reaction rates of HAAs with nicotinamide.   
 The second method, post-column reaction high performance liquid 
chromatography (PCR-LC), is developed to analyze and speciate inorganic and organic 
chloramines. The PCR-LC method is developed to be used in isocratic elution and 
gradient elution. Seven inorganic and organic chloramines are separated in less than ten 
minutes. Stability studies are carried out prior to method detection limit (MDL), 
accuracy, and precision studies. The experimental MDL values for the chloramine 
species range from 2 to 690 g/L; the mean percent recovery values range from 85.8 to 
130.1%; and the percent relative standard deviation values range from 1.9 to 12.7%.   
vi 
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BACKGROUND AND RESEARCH OBJECTIVES 
The first patent of chlorine (Cl2) as a bleaching agent was in 1799 (Todd et al., 
2010) and its use as water disinfectant had started since the early 1900s (Gordon, Cooper, 
Rice, & Pacey, 1992). Since its use in water treatment facilities and also with the 
discovery of other disinfectants, water is made microbiologically safe for consumption, 
as disinfectants are intended to eliminate pathogenic microorganisms. The production of 
chlorine increased from 5400 metric tons in 1900 to 8.8 million metric tons in 1970; and 
today, chlorine is one of the most widely used disinfectants in water disinfection in the 
United States (Gordon et al., 1992).  
Chemical Disinfectants 
Chlorine 
Chlorine is used in gaseous, granular, powdered or liquid form (Zwiener, 2006). 
Under normal pressure and temperature, chlorine gas can be compressed to a liquid and 
stored; but because it is a poisonous gas, it is dissolved in water under vacuum and the 
concentrated chlorine solution is applied to the water being treated (Amy, Bull, Craun, 
Pegram, & Siddiqui, 2000). However, chlorine is also available in granular or powdered 
form as calcium hypochlorite [Ca(OCl)2] or in liquid form as sodium hypochlorite 
(NaOCl in bleach). In water, chlorine gas hydrolyses almost completely to form 
hypochlorous acid (HOCl):   





HOCl is a weak acid with a pKa of approximately 7.5 at 25ºC (Amy et al., 2000), and it 
can further dissociate into hypochlorite ion (OCl
−
) and hydrogen ion (H
+
): 







The dissociation of HOCl to OCl
−
 depends on the pH and the temperature of water 
(Black & Veatch Corporation, 2010), as shown in Figure 1. The percentage of HOCl 
increases with decreasing pH and temperature; and between the two species (HOCl and 
OCl
−
), HOCl is the most effective and potent disinfecting agent. It acts as a potent 
oxidizing agent (Eº = 1.49 Volts in water at 25ºC [Zwiener, 2006]).  
 
 
Figure 1. Percentage of HOCl as a Function of pH and Temperature (Reproduced from 




HOCl can react also with ammonia to form monochloramine (NH2Cl), 
dichloramine (NHCl2), and trichloramine (NCl3), and they are collectively called 
chloramines. Ammonia can be already present in the raw water or can be added in form 
of ammonium chloride, ammonium sulfate, or aqueous ammonia. The reaction of HOCl 
























it predominantly yields monochloramine at a pH level of water treatment plants 
(Zwiener, 2006), who operate within a pH range of 6.5 to 8.5 (Black & Veatch 
Corporation, 2010). Monochloramine has a low efficiency for disinfection, as it has 
higher CT values (defined as the product of the disinfectant concentration C in mg/L and 
the contact time T in minutes required to inactivate a specified percentage of 
microorganisms). Therefore, it has a lower reactivity, leading to a higher persistency 
within the distribution system. Because of these characteristics, it is a poor primary 
disinfectant, but it is, however, an attractive secondary disinfectant, since it remains 
longer in the distribution system. In the United States, only 300 out of 4,100 larger 
drinking water treatment plants use chloramines, principally monochloramine.  
Chlorine Dioxide 
Unlike chlorine gas, which can be stored in cylindrical containers, chlorine 
dioxide (ClO2) cannot be compressed or stored (Zwiener, 2006) because concentrated 
chlorine dioxide vapor is potentially explosive and attempts to compress and store 
chlorine dioxide gas, either alone or in combination with other gases, have been 
commercially unsuccessful (Amy et al., 2000). Because of this, chlorine dioxide must be 
produced directly at the point of use from solutions of sodium chlorite (NaClO2) with 
hydrochloric acid (HCl) or chlorine:  
5 NaClO2 + 4 HCl → 4 ClO2 + 5 NaCl + 2 H20 
2 NaClO2 + Cl2 → 2 ClO2 + 2 NaCl 
Chlorine dioxide is more specific and selective reactant than chlorine and has a lower 





Some of the primary reasons for the use of ozone (O3) in drinking water treatment 
are for taste and odor control and also for the removal of color, iron, manganese, and 
organic compounds (Zwiener, 2006). Like chlorine dioxide, ozone has to be produced at 
the point of use from oxygen or air by an endothermic reaction initiated by an electrical 
discharge. Ozone is more soluble in water than oxygen. In water, ozone has a high redox 
potential (Eº = 2.07 Volts in acid solution) and can react as a powerful oxidizing agent in 
two ways: (a) directly and (b) in the form of highly reactive hydroxyl radicals (OH-
radicals) formed by hydroxide ion-catalyzed decomposition reactions of ozone in water. 
Therefore, both reaction pathways have to be considered when using ozone as 
disinfectant agent. 
Treatment Strategies 
To ensure the safety of the public health, residual disinfectants need to remain 
within the distribution system, so that all microorganisms present and leached into the 
distribution system are killed and inactivated when the drinking water arrives at the 
consumer’s tap. On the other hand, because raw water contains a wide variety of natural 
organic matter (NOM) from the decomposition of vegetation, animal matter as well as 
anthropogenic organic matter, the residual disinfectants can react with some of these 
organic materials and also with inorganic compounds to form a wide variety of unwanted 
and potentially toxic disinfection by-products (DBPs). Therefore, to ensure the quality of 
drinking water, the water treatment strategies are to minimize the formation of these 
DBPs and to adequately use disinfectants for primary and/or secondary disinfection. 
Knowing that ozone can serve as a primary disinfectant only and chloramine as a 
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secondary disinfectant only, and also knowing that both chlorine and chlorine dioxide can 
serve as either primary or secondary disinfectants (Amy et al., 2000) are important in 
order to effectively eliminate all pathogenic microorganisms in water for public supply. 
Choosing the most adequate water treatment strategies is of concern, because disinfection 
and hence DBP formation is also an important issue in drinking water. Having 
instrumentation capable of providing real-time information while monitoring these DBPs 
is essential in order to implement adequate responses if, for example, there is any change 
in the quality of drinking water.      
Disinfection By-Products 
DBPs are formed from the reaction of chemical disinfectants with DBP 
precursors, such as natural organic matter, which is measured as total organic carbon 
(TOC) or dissolved organic carbon (DOC), and also such as inorganic compounds like 
bromide (Br
−
) or iodide (I
−
) ions. DBP formation, concentration, and species are 
generally influenced by the water quality and treatment conditions, such as: 
 Concentration and kind of disinfectants  
 Concentration and kinds of organic matters found in water  
 Concentration and kinds of inorganic compounds found in water ([Br−] or [I−]) 
 Temperature of reaction 
 Reaction time 
 pH 
 Alkalinity 
Because of all these factors, each disinfectant has its own sets of DBPs. HOCl 
forms its own DPBs by acting as a powerful oxidizing agent and by reacting with a wide 
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), nitrite ion (NO2
−
), hydrogen sulfide (H2S), manganese (II), or iron (II) 
(Zwiener, 2006). These reactions are important to note because of DBP formation as well 
as fast consumption of chlorine, which reduces the continuous disinfection capability of 
residual chlorine. Another important reaction of HOCl is the oxidation of Br− to give 
hypobromous acid (HOBr with a pKa = 8.3), which itself is a more potent halogenating 
agent than HOCl: 
HOCl + Br
−
 → HOBr + Cl
−
 
Therefore, both HOCl and HOBr can react with organic matter present in water to form 
chlorinated DBPs, including trihalomethanes (THMs), haloacetic acids (HAAs), 
haloacetonitriles, haloketones, chloral hydrate, and chloropicrin (Amy et al., 2000). 
THMs and HAAs are the two most abundant classes of halogenated DPBs formed during 
chlorination. Therefore, alternative disinfectants to chlorine that produce lower levels of 
THMs and HAAs are of interest.  
Unlike chlorine, monochloramine has an advantage in reducing the formation of 
chlorinated by-products; and it does not react with phenols to create taste- and odor-
causing compounds (Amy et al., 2000). This advantage is applied if ammonia is already 
in the source water or applied before chlorine in water treatment. If the chlorine is applied 
first and then the ammonia, much higher THM and total organic halides (TOX) levels are 
found because of the formation of free chlorine. Therefore, monochloramine, as a 
secondary disinfectant in combination with ozone or chlorine dioxide appears to be 
attractive for minimizing DBP formation. However, the use of monochloramine as a 
secondary disinfectant can lead to its own DBPs as well in the presence of nitrogen-
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containing compounds, such as cyanogen chloride, nitrogenous compounds, and organic 
chloramines. Moreover, concerning the efficacy of monochloramine as disinfectant, the 
required contact time for inactivation of viruses and Giardia cysts is rarely obtained 
while using monochloramine because it is a significantly less potent disinfectant agent 
than free chlorine. This characteristic, along with the presence of nitrifying bacteria, 
nitrite ion (NO2
−
), and nitrate ion (NO3
−
) production in chloraminated distribution 
systems as well as the formation of organic chloramines, have raised concern.  
Similar to chloramine, the use of chlorine dioxide can reduce the formation of 
chlorinated by-products. But unlike the other disinfectants, the major DBPs formed are 
derived from decomposition of the disinfectant by electron transfer mechanism, as 
opposed to reaction with precursors: 




 + 2 H
+
 
The major DBPs include chlorite (ClO2
−
) and chlorate (ClO3
−
) ions; but as chlorine 





manganese (II), or iron (II). However, Br
− 
is generally not oxidized under conditions of 
water treatment by chlorine dioxide in the absence of sunlight; and it will not form 
brominated compounds or bromate ion (BrO3
−
) (Zwiener, 2006). This is an important 
difference among disinfectants. On the other hand, the formation of chlorine dioxide is 
accompanied by a complex range of secondary reactions and an undefined formation of 
odor, which does not make the process of chlorine dioxide disinfection easily 
controllable.  
Ozone, like the other disinfectants, has its set of DBPs. Ozone can react with non-
halogenated NOM to form non-halogenated organic DBPs, such as aldehydes, ketoacids, 
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and carboxylic acids, with aldehydes being dominant. It also reacts with Br
−
 to form 
brominated DBPs, including BrO3
−
. 
To date, greater than 600 DBPs from the reaction of disinfectants with NOM have 
been identified (Krasner et al., 2006; Richardson, 2002), and based on nationwide 
occurrence study, 25% of these DBPs are THMs and HAAs (Richardson, 2011); and 
more than 50% are still unidentified DPBs.   
Toxicological Effect of Disinfection By-Products 
Since the 1970s, chlorine production has increased even further. During this time, 
studies have been done on the occurrence and effects of halogenated DBPs (Amy et al., 
2000; Krasner et al., 1989)  because it has been found that DBPs present a potential 
health concern (Richardson, Plewa, Wagner, Schoeny, & DeMarini, 2007).  
Studies from human epidemiology and animal toxicology data show that DBPs 
are linked to cancers of the digestive and urinary tracts, especially bladder cancer 
(USEPA, 2006). DBPs are also linked to adverse reproductive and developmental 
problems. These studies show that there is a relationship between drinking chlorinated 
water and increasing cancer rates. Therefore, disinfectants as well as its corresponding 
DBPs are contributing to public health risk.  
Different sets of cancer epidemiology studies were done, such as by comparing 
different types of water treatment plants. Comparison among chlorination, ozonation, 
chlorination/ozonation systems was carried out in one part and also comparison between 
chlorination and chloramination in another part (Chevrier, Junod, & Cordier, 2004; Mills 
et al., 1998). Chlorinated (from surface water source) and non-chlorinated (from private 
well) water sources (Yang, Chiu, Cheng, & Tsai, 1998) were examined, as well as tap 
water compared to bottle water (McGeehin, Reif, Becher, & Mangione, 1993). 
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These studies show that there is an increase in bladder cancer risks while exposed 
to chlorinated drinking water, whereas there is a decreased risk of bladder cancer with 
ozonated drinking water. Results from the comparison of chlorinated surface water to 
non-chlorinated private well show a significant association between different types of 
cancer, such as bladder or kidney cancer and chlorinated water sources. Findings also 
show an association between tap water consumption and bladder cancer risk. However, 
these studies show that residual chlorine has no association with bladder cancer risk, 
meaning that the bladder cancer risk is not coming from the residual chlorine but from 
other species found in chlorinated water. Therefore, DBPs from chlorinated drinking 
water may contribute the most to the increase of cancer risk; therefore, monitoring 
drinking water for the presence and measurement of DBPs is of utmost concern to 
provide consumers with safe water.   
Different sets of reproductive and developmental epidemiology studies were 
performed, including study on exposure to THMs as well to HAAs. The results show that 
there is an association between: 
 THMs and low birth weight (Dodds, King, Wolcott, & Pole, 1999; 
Nieuvewenhuijsen, Toledano, Eaton, Fawell, & Elliott, 2000; Toledano et al., 2005)  
 Chlorinated drinking water and low birth weight (Kanitz et al., 1996; Yang, 2004)  
 DBPs (THMs and HAAs) and low birth weight (Graves, Matanoski, & Tardiff,  2001) 
Spontaneous abortion is found to be associated with the consumption of tap water if 
compared to bottled water (Swan et al., 1998). There is also a relationship between 
spontaneous abortion and chlorinated drinking water as well as high THM concentration 




Regulations need to consider that with increasing level of disinfectant, on one 
hand, there is a decrease of pathogens concentration and on the other hand, there is an 
increase of concentration of DBPs. One of the challenges is to find a compromise 
between elimination of health risk of pathogenic microorganisms and minimization of the 
formation of DBPs of health concern.   
The role of United States Environmental Protection Agency (USEPA) is to ensure 
safe drinking water in the United States. The USEPA regulations are developed to protect 
human health and environment. Since the enactment of the Safe Drinking Water Act 
(SDWA) in 1974, which is to regulate the drinking water supply by specifying a 
maximum contaminant level (MCL) for contaminants in drinking water, many rules have 
been enforced. During the same year in 1974, four THM species (THM4)—chloroform, 
bromodichloromethane, dibromochlormethane, and bromoform—were found in drinking 
water. Since 1979, THM4 have been regulated in finished drinking water with a MCL of 
0.100 mg/L for the total concentration of four THM species.    
Stage 1 Disinfectants/Disinfection By-Products Rule 
The Stage 1 D/DBP Rule was proposed in 1994 and finalized in 1998 (USEPA, 
1998). The USEPA has diminished the MCL to 0.080 mg/L for THM4; and new MCL 
was set at 0.060 mg/L for the total concentration of five HAAs species (HAA5): 
monochloroacetic acid (MCAA), monobromoacetic acid (MBAA), dichloroacetic acid 
(DCAA), dibromoacetic acid (DBAA), and trichloroaceitc acid (TCAA) (USEPA, 2006). 
MCLs were also established for BrO3
−
 (ozone DBPs) at 0.010 mg/L and ClO2
−
 (chlorine 
dioxide DBPs) at 1.0 mg/L.  
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Although, nine HAAs (HAA9) can be commonly found in drinking water, four 
HAAs (bromochloroacetic acid [BCAA], bromodichloroacetic acid [BDCAA], 
dibromochloroacetic acid [DBCAA], and tribromoacetic acid [TBAA]) are not regulated 
because, at the time of the regulations, only some data from research studies from the five 
regulated HAAs were available; and analytical methods were only available for the 
analysis of these five HAAs.   
Stage 2 Disinfectants/Disinfection By-Products Rule 
The Stage 2 D/DBP Rule changes the way utilities establish compliance with the 
MCLs for DBPs (USEPA, 2006) because of the increasing research findings about the 
increasing risk of health effects associated with DBPs. The Stage 2 D/DBP Rule is to 
reduce exposure to high levels of DBP concentration in distribution system. Utilities must 
now measure HAA concentrations at individual sites throughout the distribution system 
and each site must be in compliance with the MCL, which is called the locational running 
annual average (LRAA). Because of these LRAA requirements and regulations, many 
water treatment plants are using monochloramine as secondary disinfectant because 
monochloramine does not form THMs and produces less HAAs. Moreover, the MCL is 
set for these disinfectants as well, at 4.0 mg/L for each chlorine and chloramines (as Cl2) 
because of potential health effects from long-term exposure. 
Stage 1 and 2 D/DBP Rules in Effect 
Until 2014, utilities must meet Stage 1 and 2 D/DBP requirements, depending on 
the size of the population that public water systems serve. However, starting in 2012, 
routine monitoring of individual sites serving more than 50,000 people is required by the 
Stage 2 D/DBP rule and each site needs to meet the MCL requirement. However, after 
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2014, all systems must meet the Stage 2 D/DBP monitoring requirement for total 
concentration of THM4 and HAA5.  
Because of these requirements, utilities may need simplified chemical analyzers 
capable of real- or near real-time on-line monitoring of HAAs. A near real-time analyzer 
has some kind of sampling (Brown & Emmert, 2006; Brown, Miller, & Emmert, 2007; 
Emmert, Cao, Joshi, & Rahman, 2004; Emmert, Brown, Liao, Cao, & Duty 2006; Geme, 
Brown, Simone, & Emmert, 2005), separation (Brown & Emmert, 2006; Brown et al., 
2007; Emmert et al., 2004; Emmert et al., 2006; Simone, Anderson, & Emmert, 2006; 
Simone, Ranaivo, Geme, Brown, & Emmert, 2009), chemical reaction (Geme et al., 
2005; Emmert, Geme, Brown, & Simone, 2009; Simone et al., 2006; Simone et al., 
2009), or a combination of the three, which limits the time resolution of analyzers, 
whereas real-time analyzer is capable of responding to changes in concentration 
instantaneously. Nevertheless, the simplified analyzer would allow utilities to optimize 
their drinking water distribution systems, hence minimize the formation of DBPs.  
Research Objectives 
With the ever increasing number of chemical contaminants in water intended for 
public supply, hence increasing concentration of DBPs in finished water, humans are 
exposed to DBPs by oral, dermal and inhalation contact through drinking water. The 
monitoring of drinking water on a regular basis to meet the upcoming USEPA regulations 
is indispensable to account for the changes in water quality throughout the distribution 
system and in a population’s tap water. Therefore, appropriate analytical techniques are 
desired that are (a) reliable, (b) capable of continuous monitoring of drinking water 
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without any time-consuming sample preparation, (c) able to do a real-time measurement, 
and (d) cost-effective. 
Optimization of Analytical Method for Haloacetic Acid Analysis 
The first post-column reaction ion chromatography (PCR-IC) for HAA analysis 
was previously reported (Simone et al., 2006), and the method is classified as an on-line, 
near real-time method. However, the method could not speciate MCAA and MBAA; and 
BCAA interferes with DCAA and DBAA analysis if present. Subsequently, a PCR-IC 
method capable of analyzing all HAA9 species in 2 hours (Simone et al., 2009) was 
reported with method detection limit (MDL) ranging from 0.6 to 10.8 g/L with DCAA 
being the highest by a factor of 3. The PCR-IC for the nine HAA species was used to do 
on-line, near real-time monitoring studies as well as grab sample comparison studies 
(Simone et al., 2009) to analyze HAAs in drinking water.  
The first focus of the research on HAA analysis is to optimize the PCR-IC to be 
capable of on-line internal standardization and near-real time measurement of the nine 
HAAs. The optimized post-column reaction ion chromatography with internal 
standardization (IS-PCR-IC) is a significant improvement over the PCR-IC analyzers 
previously reported (Emmert et al., 2007; Simone et al., 2006; Simone et al., 2009). The 
approach is that the sample preparation should be minimized, that it is capable of 
working in near real-time with the introduction of an on-line internal standardization, and 
that it meets criteria of the ideal analyzer (Emmert, Cao, Joshi, & Rahman, 2004).  
Aside from the USEPA methods, internal standard calibration is not widely 
explored for HAA measurements. The USEPA methods approved for HAA analysis, 
Methods 552.2 (USEPA, 1995), 552.3 (USEPA, 2003) and 557 (USEPA, 2009), all use 
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internal standardization to improve reproducibility of the methods.  USEPA Methods 
552.2 and 552.3 use 1,2,3-trichloropropane, and USEPA Method 557 uses isotopically 
enriched 
13
C standards of MCAA, MBAA, DCAA, and TCAA. Internal standardization 
is an attractive calibration protocol for on-line HAA analysis because the IS-PCR-IC 
analyzer would be capable of sampling and analyzing HAAs directly from the 
distribution system indefinitely. This is because the internal calibration protocol takes 
into account minor variations in reagent concentrations and potential calibration drift 
over week-long monitoring periods. However, for internal standardization to be useful in 
on-line monitoring, a method of reliably adding the internal standard to the water stream 
must be developed without significantly diluting the water sample.  
The second focus of the research on HAAs is to study the resulting concentrations 
of HAAs obtained from real world water samples analysis. They are compared to those 
obtained from the USEPA Method 552.3 by calculating the bias values between these 
two methods. Additional study is also carried out to understand the reaction mechanism 
of the post-column reaction between the HAAs and nicotinamide. 
Development of Analytical Method for Chloramines 
Based on the approach of the IS-PCR-IC, the focus of the research on chloramine 
is to develop a post-column reaction high performance liquid chromatography (PCR-LC) 
to analyze inorganic and organic chloramines in near-real time.  
Nitrogenous DBPs are of concern because chlorination and chloramination lead to 
the formation of certain nitrogenous DBPs. The fact is that free available chlorine (FAC 
constituted by chlorine, hypochlorous acid, and hypochlorite ion) or inorganic 
chloramines can react with nitrogenous compounds present in water to produce organic 
15 
 
chloramines compounds (Lee & Westerhoff, 2009). Therefore, analytical methods should 
be able to not only distinguish between inorganic and organic chloramines but also to 
measure the concentration of inorganic and organic chloramines that may be present in 
drinking water.  
The research objective is then to develop an analytical method that is capable of 
performing an analytical determination of chloramines by separating and distinguishing 
between inorganic and organic chloramines and quantifying all species that are separated 
and detected. Method detection limit, accuracy, and precision studies are carried out for 
these inorganic and organic chloramines, as they are separated; and the USEPA 




REVIEW OF ANALYTICAL TECHNIQUES 
Analytical Techniques for Haloacetic Acids 
As the first focus of this research is on HAAs, Emmert and coworkers have 
previously published a detailed review of HAA analysis (Emmert et al., 2004) for 
adaptation of methods to on-line monitoring. The most available techniques to analyze 
HAAs require sample preparations, such as liquid-liquid (Nikolaou, Golfinopoulos, 
Kostopoulou, & Lekkas, 2002; USEPA, 1995 and 2003; Xie, 2001), liquid-solid 
(USEPA, 1992) or solid-phase micro-extraction (Sarrion, Santos, & Galceran, 2000; Wu, 
Grabyelski, & Froese, 2002). The sample preparation is usually followed by 
derivatization (Nikolaou et al., 2002; Saraji & Bidgoli, 2009; Sarrion et al., 2000; Xie, 
2001); and the mode of separation includes gas chromatography (GC), liquid or ion 
chromatography (LC or IC), and capillary electrophoresis (CE). These separation 
techniques can be coupled with electron capture detector (ECD) (Nikolaou et al., 2002; 
USEPA, 1995 and 2003), mass spectrometry (MS) (Saraji & Bidgoli, 2009; Sarrion et al., 
2000; Xie, 2001), electrochemical (Carrero & Rusling, 1999), conductivity (Akhatar, 
Too, & Wallace, 1997; Ellis et al., 2001; Lopez-Avila, Liu, & Charan, 1999; Nair, Saari-
Nordhaus, & Anderson, 1994; Weinberg, 1999), or ultra-violet (UV) (Martinez et al., 
1998a; Martinez, Borrull, & Calull, 1998b and 1999; Sarzanini, Bruzzoniti, & Mentasti, 
1999; Vichot & Furton, 1994) detectors.    
At the pH of drinking water, HAAs are all present as their respective acetate ions, 
thus non-volatile and polar. Because of their polar nature, they should be analyzed by 
high performance liquid chromatography (HPLC) or CE; and at the same time, because 
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of their polar as well as acidic nature, they cannot be injected directly onto a GC column. 
However, HAAs are usually analyzed by GC techniques coupled with ECD or MS 
because they are derivatized before injection onto a GC system.  The most commonly 
used GC-based methods for HAA analysis are USEPA Methods 552.2 (USEPA, 1995) 
and 552.3(USEPA, 2003). These techniques and, in general, most techniques for the 
analysis of HAAs are preceded by sample preparation steps, including pre-concentration 
with the use of appropriate organic solvent, acidification to protonate the HAAs and use 
of salt to better partitioning the HAAs into the organic solvent. One of the advantages of 
all these steps is to help eliminating some interfering compounds.  
GC-based methods require derivatization step of the HAAs to make them suitable 
for GC analysis. The derivatization steps can be done with different reagents, such as 
diazomethane (USEPA Method 552) or acidified methanol (USEPA Methods 552.2 and 
552.3). The derivatization steps can be lengthy because of the reaction time of two hours 
with heating, which are not suitable for routine analysis and on-line monitoring of HAAs. 
The sample preparation can also be time-consuming, labor intensive and requires a high 
skill level of operation. Additionally, the ammonium chloride (NH4Cl) preservative used 
in both USEPA Method 552.2 and 552.3 have a documented, positive bias, even within 
the approved sample holding time of 14 days (Emmert et al., 2007; Emmert et al., 2009; 
Pepich, Domino, Dattilio, Fair, & Munch, 2004; Simone et al., 2009).  This positive bias 
can potentially result in a drinking water systems being over the MCL at a particular 
sampling time, and can lead to efforts to solve a problem that may not exist. However, 
both USEPA Method 552.2 and 552.3 are highly sensitive, having excellent MDLs for all 
nine HAA species. These methods work well when they are used only few times a year, 
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as it is required nowadays. With the upcoming deadlines to meet the requirement of the 
Stage 2 D/DBP Rules, these methods may not be suitable to monitor drinking water on an 
hourly or daily basis.  
Recently, new GC-based methods for HAA analysis have been reported 
(Cardador, Serrano, & Gallego, 2008) with the use of a simultaneous extraction and 
derivatization using n-pentane, tetrabutylammonium hydrogen sulfate and 
dimethylsulfate to convert the HAAs to the corresponding methyl esters followed by 
analysis using headspace-GC-MS. The reported method has excellent limits of detection 
of less than 0.5 g/L for all HAAs and a linearity range from sub-g/L to 300 g/L. The 
reported method is relatively quick, taking approximately 1 hour per sample. However, 
the manual addition of the reagents to each sample limits the method’s effectiveness for 
on-line monitoring. 
A single drop micro-extraction (SDME) has been reported for five HAA plus 
BCAA (Saraji & Bidgoli, 2009). The method uses a 1.8 L drop of 10% v/v of 
trifluoroacetic anhydride and n-octanol extraction solvent, which is in contact with the 
water sample for 20 minutes at room temperature. The single drop containing the six 
HAAs is transferred to a microvial and followed by another addition of trifluoroacetic 
anhydride and heating at 100°C for 20 minutes to derivatize the HAAs to the 
corresponding octyl ester and analysis with direct injection onto the GC-MS. The limits 
of detection are good and range from 0.1 to 1.2 g/L for the six HAAs. 
Solvent bar micro-extraction (SBME) has recently been developed for HAA 
analysis (Cardador & Gallego, 2010) using tetrabutylammonium sulfate as an ion-pairing 
agent, dimethylsulfate as the methylating agent and decane as the extracting solvent. The 
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SBME procedure extracts and derivatizes the HAAs at room temperature over the course 
of a one hour extraction time into the decane solvent. The decane containing the HAA 
methyl esters is then directly injected onto a GC-MS. The limits of detection are excellent 
and range from 0.02 g/L for DCAA to 1.10 g/L for TBAA and it compares well to a 
simultaneous extraction and derivatization, headspace GC-MS method (Cardador et al., 
2008). However, the SBME method still involves laborious preparations for each sample 
prior to analysis and requires manual injection after removing the solvent from the 
solvent bar. If the process could be automated, the method does show promise for an 
inexpensive analysis protocol. 
Direct determination of HAAs has been reported by using LC and IC (Barron & 
Paull, 2004 and 2005; Bruzzoniti et al., 2008; Paull & Barron, 2004). LC-MS analysis is 
becoming more popular with the decreasing cost in instrumentation (Barron & Paull, 
2006; Kuklenyik, Ashley, & Calafat, 2002; Liu, Mou, & Chen, 2004; Loos & Barcelo, 
2001; Roehl, Slingsby, Avdalovic, & Jackson, 2002; Slingsby, Saini, & Pohi, 2009). 
Electrospray ionization-MS (ESI-MS) (Barron & Paull, 2006; Kuklenyik et al., 2002; 
Loos & Barcelo, 2001; Meng, Wu, Ma, Jia, & Hu, 2010; Roehl et al., 2002; Slingsby et 
al., 2009) as well as inductively coupled plasma-MS (Liu et al., 2004) have been used to 
analyze HAAs at the g/L level.  
IC-based methods are particularly attractive for HAA analysis because the HAAs 
are already ionized in drinking water and can be easily separated on anion exchange 
columns. However, many LC and IC methods use pre-treatment cartridges to remove 
chloride and sulfate ions (Liu et al., 2004), sample acidification and pre-concentration 
with solid-phase extraction (Bruzzoniti et al., 2008; Kuklenyik et al., 2002; Loos & 
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Barcelo, 2001) or both (Barron & Paull, 2004 and 2006; Barron, Nesterenko, & Paull, 
2005)  
The most recently approved USEPA method for HAAs is USEPA Method 557 
(USEPA, 2009). It uses ion chromatography coupled with ESI and tandem MS to obtain 
sub-g/L method detection limits. USEPA Method 557 does require a significant capital 
investment and highly skilled labor, but is not nearly as labor intensive as methods 552.2 
and 552.3 and does not require the typical sample acidification or pre-treatment 
procedures that many LC and IC methods do. However, USEPA Method 557 uses the 
same chemical preservation as USEPA 552.2 and 552.3 and will have the same positive 
bias exhibited by the NH4Cl preservative (Emmert, Brown, Simone, Geme, & Cao, 2007; 
Emmert et al., 2009; Hong et al., 2008; Simone et al., 2009).  
Analytical Techniques for Chloramines 
Organic chloramines can be present in drinking water along with the inorganic 
chloramines. Several analytical methods have been used and proposed to analyze these 
chloramines.  
One of the most commonly used methods for the determination of chloramines is 
the DPD (diethyl-p-phenylenediamine) colorimetric method. This method suffers from 
interferences (Gordon et al., 1992) because the DPD can react with chloramines as well 
as free chlorine. As free chlorine can react with nitrogenous compounds to form organic 
chloramines, thus the measurement of chloramines may not be correct. Additionally, this 
method cannot distinguish between inorganic chloramines and organic chloramines.   
The DPD/FAS titration method, consisted of titrating the iodine that is liberated 
from the reaction of chorine or chloramines with potassium iodide at pH 4 with ferrous 
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ammonium sulfate (FAS) and using DPD as an indicator has been used to differentiate 
mono-, di- and trichloramine (Shang & Blatchley, 1999). The differentiation among these 
inorganic chloramines is based on the difference of reaction rates of inorganic 
chloramines compounds with the DPD indicator and the potassium iodide. Again, this 
suffers from interferences from different compounds including organic chloramines.  
Besides spectrophotometric and titrimetric methods, a fluorescence derivatization 
method has also been applied (Scully, Yang, Mazina, & Danial, 1984) to speciate 
inorganic chloramines. However, this method appears to be a cumbersome technique that 
requires lengthy derivatization process, as the derivatization is a slow process that 
consists of reacting chlorinated nitrogenous compounds with dansyl sulfinic acid at pH 
9.5. The products obtained are dansyl chloride and an amine, and these two products 
react with one another to produce fluorescent dansyl derivatives.  
Another derivatization process (Lukasewycz et al., 1989) has been applied by 
reaction of organic chloramines with 2-mercaptobenzothiazole, followed by analysis on a 
HPLC system coupled with an UV or electrochemical detection. This approach exhibits 
the same inconvenience as those of the dansyl derivatization process, in a way that the 
yield of the intermediary compounds to react with the amines to form the products to be 
detected can be low; therefore, the derivatization is not consistent and the measurement 
may not be correct.  
In a similar manner as of the derivatization process, a salicylate-
spectrophotometric method has been developed (Tao, Chen, Li, Yang, & Li, 2008). 
Salicylate would react with inorganic chloramine to produce a product absorbing in the 
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710 nm region. Likewise, the preparation lasts one hour to complete and this preparation 
time does not even include the separation time on the HPLC column.  
As chloramines are not very stable compounds and knowing that the stability of 
these compounds is pH dependent, direct chromatographic methods with simpler 
chemistry have been also applied to differentiate inorganic chloramine species as well as 
organic chloramines. Because of the coupling of the chromatographic method with 
sensitive and selective detection method, chromatographic application is of interest in 
analyzing inorganic and organic chloramines. HPLC methods have been developed to 
speciate inorganic chloramines species as well organic chloramines. The reaction is based 
on oxidation of iodide ion to form iodine and subsequently tri-iodide ion (Jersey, 
Choshen, Jensen, Johnson, & Scully, 1990; Yoon & Jensen, 1992). One employs 
electrochemical detector, leading to a relatively high cost and the need for a higher level 
of operator skill. The other uses UV detector preceded by a post-column reaction; this 
latter method was able to differentiate between four chloramines, two of which are 
inorganic chloramines and two organic chloramines. This method has limited reports on 
method detection limit, accuracy and precision values.   
Size exclusion chromatography method has been proposed (Amiri & Andrews, 
2008) but this method is incapable of distinguishing among inorganic chloramines. A 
more expensive method, such as membrane introduction mass spectrometry (MIMS) 
employs a membrane interface to directly introduce aqueous sample into a mass 
spectrometer (Shang & Blatchley, 1999). The advantage is the minimal sample 
preparation; however, this method is expensive, requires a high level of operator skill and 





Post-Column Reaction Ion Chromatography with Internal Standardization 
Chemicals and Reagents 
All chemicals, reagents and eluents are prepared in reagent-grade water with a 
resistivity of 18.2 MΩ·cm (ThermoScientic Barnstead E-pure). The purity of all 
chemicals is higher than 97%. Glassware is cleaned with concentrated detergent and 
rinsed with reagent water three times. MCAA, MBAA, DCAA, BCAA, DBAA, TCAA, 
TBAA, and nicotinamide (NCA) are obtained from Sigma-Aldrich. BDCAA and 
DBCAA are obtained from Supelco; potassium hydroxide (KOH), ammonium chloride 
(NH4Cl), 2-bromobutanoic acid (2-BBA), 1,2,3-trichloropropane, sodium sulfate 
anhydrous (Na2SO4), sodium bicarbonate (NaHCO3), methyl-tert-butyl-ether (MTBE), 
methanol (MeOH), sulfuric acid (H2SO4), sodium chloride (NaCl), sodium fluoride 
(NaF), and sodium nitrite (NaNO2) are from Fisher Scientific. Potassium nitrate (KNO3) 
and sodium phosphate (Na3PO4.12H2O) are purchased from J.T. Baker Chemical 
Company. Sodium bromide (NaBr) is obtained from Merck and Co Inc. 
Sample Preparation 
Common Anion Standards 













), and sulfate 
(SO4
2−
) ions is prepared separately by dissolving 226.1 mg of NaF, 167.6 mg of NaCl, 
150.4 mg of NaNO2, 131.3 mg of NaBr, 178.6 mg of KNO3, 402.1 mg of Na3PO4.12H2O, 
and 148.1 mg of Na2SO4 into 100.00 mL of reagent water. The stock solution is diluted 
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into reagent water prior to use to prepare serial dilution concentrations of 1, 5 and 10 
mg/L, which are used to prepare a calibration curve for the determination of common 
anions in water samples.  
Interference of common anion is also studied. A stock solution containing 1000 













The study consists of preparing two sets of these common anion solutions to be added to 
a solution containing HAAs and 2-bromobutanoic acid (2-BBA as internal standard [IS]) 
with known concentration. The spiked HAA and IS solution contains a final 
concentration (low concentration) of 25 mg/L of chloride ion, 0.2 mg/L of nitrite ion, 0.2 
mg/L of bromide ion, 2 mg/L of nitrate ion, 1 mg/L of phosphate ion, and 25 mg/L of 
sulfate ion. The second set of solution contains a higher final concentration of these 
common anions: 250 mg/L of chloride ion, 1 mg/L of nitrite ion, 2 mg/L of bromide ion, 
10 mg/L of nitrate ion, 20 mg/L of phosphate ion, and 250 mg/L of sulfate ion.  
Haloacetic Acid Standards  
A stock solution containing 1 mg/mL of each HAA is prepared by dissolving 25 
mg of each HAA into 25.00 mL of MTBE. This stock solution is stored in an amber 
bottle at 4°C and diluted into reagent water prior to use. The serial dilution concentrations 
range from 6 to 40 g/L to be used for the calibration curve and the check standard. The 
aqueous internal standard (IS) solution of 2-BBA in the syringe is 500 g/L and prepared 
from a 1 mg/mL stock solution prior to use. The ion chromatography (IC) eluent is made 
of KOH at 200 mM; and the post-column reagents are made of nicotinamide at 3.1 M and 




Water Samples   
Water samples are collected in 250-mL amber glass bottles, in which 25 mg of 
NH4Cl are added before sampling and stored at 4°C prior to analysis (USEPA, 2003). A 
10-mL aliquot is passed through two IC-Ba and two IC-Ag cartridges (Alltech-Grace 
Davison Discovery-Maxi Clean SPE [1.5 mL]) consecutively to remove chloride and 
sulfate ions.  
Haloacetic Acid-Nicotinamide Products 
For the absorption and fluorescence intensity measurement of the product 
obtained from the reaction of HAAs and nicotinamide in basic condition, 0.584 g of 
MCAA, 0.859 g of MBAA, 0.797 g of DCAA, 1.071 g of BCAA, 1.346 g of DBAA, 
1.012 g of TCAA, 1.834 g of TBAA, 7.54 g of nicotinamide, and 3.98 g of KOH are 
dissolved each into individual 100.00 mL of reagent water, giving a concentration of 
0.0618 M for each HAA and 0.618 M each for nicotinamide and KOH.  
For the MS product identification, TCAA and TBAA are prepared following the 
above sample preparation.  
Apparatus 
IC Method to Analyze Common Anions 
First, a calibration curve is prepared in order to determine concentration of 
common inorganic anions in water samples. The analysis was done at the Memphis, 
Light, Gas and Water (MLGW) laboratory. The USEPA Method 300.1 (USEPA, 1997) is 
followed with a total analysis time of 20 minutes. An IC instrument followed by 
conductivity detection and equipped with an autosampler is used to run the standard 
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solutions containing fluoride, chloride, nitrite, bromide, nitrate, phosphate and sulfate 
ions as well as to analyze water samples.    
Second, the apparatus set-up for the common anion interference study has similar 
configuration as those of the IS-PCR-IC for HAA analysis (which is explained in the 
following section); but instead of using one AS18 analytical column, two analytical 
columns (Dionex IonPac AS9-SC [4 x 250 mm]) in series are used, preceded by an guard 
column (Dionex IonPac AG9-SC [4 x 50 mm]). 
IS-PCR-IC Method to Analyze HAAs 
The instrumentation setup for the direct determination of HAAs by IS-PCR-IC 
(Figure 2) consists of a gradient pump (Dionex GPM-2), a microelectrically actuated 6-
port injection valve (VICI, Inc.) with 2000-L loop, a guard column (Dionex IonPac 
AG18 [4 x 50 mm]) and  an analytical column (Dionex IonPac AS18 [4 x 250 mm]), a 4-
channel peristaltic pump (FIALab 2500), a 40-m knitted open tubular (KOT) (The Nest 
Group, Inc.) placed in a heated valve enclosure (HVE) (VICI, Inc.), a fluorescence 
detector (Shimadzu RF-551), another peristaltic pump (Brinkmann) used to pump the 
calibration standards or samples and a syringe pump (Pump Systems, Inc., Multi-Phaser 
NE-501).  
The gradient pump, the injection valve actuation, the peristaltic pump for the post-
column reagent, the syringe pump and the data collection are automated by PeakSimple 
hardware/software (SRI Instruments). The peristaltic pump for the samples also has the 





Figure 2. IS-PCR-IC Instrument Diagram. (GP) gradient pump, (PP) peristaltic pump, 
(V) 6-port injection valve, analytical columns,  (HVE) heated valve enclosure, (KOT) 
knitted open tubular, (D) fluorescence detector, (W) waste, (E1) 200 mM of KOH, (E2) 
reagent water, (R1) 3.1 M of  NCA, (R2) 2 M of KOH, (SPL) sample or standard, and 
(SP) syringe pump.  
 
 
The gradient pump has two eluents: (1) 200 mM KOH and (2) reagent-grade 
water. The flow rate of the pump is set at 1 mL/min. The gradient elution is as follows: 
the initial conditions (1 % of KOH) is held for 2 minutes; from 2 to 3 minutes, the 
percentage of KOH increases to 5 % and is held until 7 minutes; from 7 to 10 minutes, it 
increases to 12 % and is held until 13 minutes; from 13 to 16 minutes, it increases to 18 
%; from 16 to 20 minutes, it increases to 55 %; from 20 to 24 minutes, it increases to 90 
% and is held until 40 minutes; from 40 to 45 minutes, the percentage of KOH decreases 
to 1 %, returning to the initial condition.  
Two typical chromatograms of HAA standard at 47 g/L and 10 g/L of each 
HAA species are shown in Figure 3. The total analysis time is 60 minutes (one hour) to 
separate nine HAAs and the internal standard.  
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Each standard solution or each water sample containing the HAA species is 
introduced via a peristaltic pump set at a flow rate of 0.84 mL/min and then mixed with 
the internal standard delivered with the syringe pump set at 0.08 mL/min. The 4-channel 
peristaltic pump is used to flow the two post-column reagents: (1) 3.1 M nicotinamide 
and (2) 2.0 M KOH. Each reagent has a flow rate of 0.16 mL/min. Once the HAAs and 
internal standard are separated by the analytical column, each analyte is mixed with the 
post-column reagents and reacts in the KOT reactor, heated in the HVE set at 78°C. The 
resulting fluorescent product is detected with a fluorescence detector with an excitation 




Figure 3. IS-PCR-IC Chromatograms. Separation of HAAs along with IS (2-BBA). 
Concentration of each HAA is 46.8 g/L (chromatogram [A]) and 9.4 g/L 




GC-ECD Method to Analyze HAAs  
For comparison study, HAAs are also analyzed using the USEPA Method 552.3.  
The analysis of HAAs by the USEPA Method 552.3 is performed on a GC (Varian CP 
3800) equipped with an ECD and an autosampler (Varian CP 8400). The derivatized 
products are separated on a capillary column (VICI, Inc., VB-1 [30 m x 0.32 mm, 1.00 
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m film]) coated with 100% polydimethylsiloxane. The injection is done via standard on- 
column with an injection volume of 1 L. The ECD is set at 290ºC. The oven 
temperature program is as follow: the initial temperature is 40ºC and is held for 10 
minutes; it ramps to 65ºC at 2.5ºC/min; then increases to 75 ºC at 10.0ºC/min and held 
for 2 minutes; it ramps to 205ºC at 20.0ºC/min; and increases to 210ºC at 40ºC/min and 
held for 7 minutes. The total run time is 36.63 minutes.  
Spectrophotometric Measurement of HAA-NCA Products 
The absorption and emission spectral measurements of the product from the 
reaction of HAA with nicotinamide are performed with a diode array spectrophotometer 
(HP 8452A) to obtain the absorption spectra and with a fluorescence spectrometer 
(Hitachi F2000) to obtain the emission spectra.  
MS Product Identification of HAA-NCA Reaction 
The MS product identification was performed at the University of Tennessee in 
Chattanooga with an ESI-triple quadrupole mass spectrometer. The MS conditions were, 
as follow: the ionization mode was done in ESI positive and negative mode, the capillary 
voltage was 3.6 kV, the cone voltage was 40 V, the source temperature was set at 120ºC,  
the desolvation temperature was 250ºC, the scan time was 1.0 second, the interscan delay 
was 0.2 second, the syringe infusion flow rate was either 10 or 20 L/min and the 
acquisition mass to charge ratio (m/z) range was variable, but within 50 to 800 m/z range.   
Procedures 
Common Anion Measurement in Water Sample 
Three working standards of 1, 5, and 10 mg/L are prepared for the calibration plot 
in order to quantify the concentration of common anions in water samples. Water samples 
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are directly poured into the autosampler vials and analyzed by IC. If the raw results are 
within the upper level and outside the calibration range, the water samples are adequately 
diluted and re-analyzed.   
Matrix Interference Studies 
Standard solution of HAAs is prepared, having concentration of 500 g/L. A 
solution of internal standard is also prepared at a concentration of 500 g/L. Individual 
standard solution of common anion is prepared having a concentration of 1000 mg/L 
each. Each standard solution of HAA with a concentration of 20 g/L and 10 g/L and 
each containing 50 g/L of IS each is spiked with standard solutions of common ions 
having, in one part, a lower concentration of common anion and in other part, a higher 
concentration common anions. Each solution, containing HAAs, internal standard, and 
common ions is injected directly onto the PCR-IC analyzer; and a chromatogram is 
obtained. To study the efficacy of the chloride ion and sulfate ion removal cartridges used 
as sample preparation step, if necessary, solution containing HAAs, internal standard and 
common anions, is first passed through these cartridges and the pre-treated solution is 
injected onto the PCR-IC analyzer; and a chromatogram is obtained and compared to the 
previous one.   
Haloacetic Acid Measurement by IS-PCR-IC 
Five HAA calibration standard concentrations are prepared, having concentrations 
of 6, 10, 20, 30, and 40 g/L, the check standard concentration is 8 g/L and the internal 
standard concentration in the syringe pump, prior to mixing with the standard solution of 
HAA is 500 g/L. The HAA standards and the internal standard are first withdrawn 
individually by two independent channel lines, via peristaltic pump for the HAA 
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standards with a flow rate of 0.84 mL/min and via syringe pump for the IS with a flow 
rate of 0.08 mL/min; then they are mixed with a mixing tee before flowing into the 
sample injection loop with 6-port valve and injected into the IS-PCR-IC system. The 
concentrations are recalculated based on the dilution factor obtained from the ratio of the 
incoming flow rate of each line and the total flow rate of both lines. The recalculated 
concentrations of the HAA standards are 5.5, 9.1, 18.3, 27.4, 36.5 g/L, and the 
recalculated concentration of the check standard is 7.3 g/L and the IS is 43.5 g/L.  
Water samples are injected directly into the IS-PCR-IC system once they are 
passed through the cartridges. Like the HAA standards, each water sample is withdrawn 
by individual channel line, via peristaltic pump. The concentrations of each HAA in 
water sample are calculated from the calibration curve. 
Haloacetic Acid Measurement by USEPA Method 552.3 
For comparison study, the HAA concentrations are determined by following the 
USEPA Method 552.3 that uses liquid-liquid extraction procedure. 40 mL of the HAA 
standards or water samples are placed in 60-mL vial, to which 20 L of surrogate (20 
g/mL of 2-bromobutanoic acid) is added. Then, 2 mL of concentrated H2SO4 and 18 g 
of Na2SO4 are added consecutively and mixed. Then 4.0 mL of MTBE with internal 
standard (IS: 1,2,3-trichloropropane with a concentration of 1.0 g/mL) is added and the 
vial with a Teflon screw cap is shaken for 5 minutes to extract the HAAs. The vial is then 
let stand for 5 minutes for phase separation. Approximately 3 mL of the upper MTBE 
layer are transferred to a 15-mL conical centrifuge tube, to which 3 mL of 10% of H2SO4 
in methanol is added; and the tube with the cap on, is place in a water bath at 50ºC for 2 
hours. Once the tube has cooled down, 7 mL of Na2SO4 solution (150 g/L) are added to 
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separate the aqueous/methanol (composed of approximately 30% of methanol and 70% 
of water) and the MTBE phases. The tube is inverted twice and left to stand for few 
minutes for phase separation. The aqueous/methanol bottom layer is removed with long 
Pasteur pipet and approximately 0.3 mL of this bottom layer is left. Finally, 1 mL of 
saturated NaHCO3 is added to neutralize the solution; and 1 mL of the upper layer is 
transferred to an autosampler vial, from which 1 L is injected into the GC-ECD system.  
HAA-NCA Product Spectrophotometric Measurement 
The procedure for the absorbance and fluorescence scans consists of using a batch 
method to react HAAs with nicotinamide in basic condition. A 200-mL round flask 
equipped with a thermometer and a stir bar is used for the reaction vessel. The flask 
containing 80 mL of reagent water is heated with a controlled-temperature hot plate, set 
at 78°C to mimic the temperature within the knitted open tubular reactor of the IS-PCR-
IC system. The time of reaction is monitored. The ratio of HAA to nicotinamide and to 
KOH during the reaction is calculated to be 1:100:100 respectively. When the 
temperature of the reagent water reaches 75°C, 10 mL of nicotinamide and KOH each are 
added to the heated reagent water. Then 1 mL of the HAA of interest is then mixed with 
the nicotinamide and KOH solution. The absorbance and the fluorescence are scanned at 
1, 5, 15, 30, 45, 60, and 75 minutes of the reaction time using a cuvette with 10-mm path 
length. For the fluorescence scan, the excitation wavelength is set at 290 and 360 nm.  
HAA-NCA Product MS Scan 
For this study, only TCAA and TBAA reactions with nicotinamide are 
investigated in hoping to find isotopic pattern for the chlorine and bromine atoms. The 
first procedure is to collect a fraction of the HAA-nicotinamide fluorescent product from 
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the IS-PCR-IC system. The IC flow is 1.0 mL/min and the two reagents (3.1 M of 
nicotinamide and 2.0 M of KOH) each have a flow rate of 0.16 mL/min for a total flow of 
1.32 mL/min. In the post-column reactor, the final concentrations of the reactants are: 
0.38 M for nicotinamide, 0.39 M for KOH (by taking account of the concentration of the 
IS-PCR-IC eluent and the KOH reagent as well). TCAA and TBAA are first used as a 
model HAA. The injected concentration of TCAA and TBAA is 100 mg/L each, giving a 
concentration of 6.1E−4 M for TCAA and 4.6E−4 M for TBAA. This makes a ratio of 
approximately 600 to 1 for nicotinamide to TCAA and 1000 to 1 for nicotinamide to 
TBAA.  
 The second procedure is a batch method, following the same procedure as those 
of the absorbance and fluorescence spectrophotometric measurements. The reaction of 
TCAA with nicotinamide as well as TBAA with nicotinamide is performed with a 
controlled temperature at 78ºC. The total reaction time is 30 minutes. The ratio for 
TCAA:NCA:KOH  as well as for TBAA:NCA:KOH is  1:100:100. Once the samples are 
prepared, they are stored in a fridge before being sent to the University of Chattanooga. 
Once arrived, they are also stored cold until analysis. Dilutions are made using 0.1% of 
formic acid in methanol as diluent. Dilution factors of 2, 200, and 1,000 are investigated. 
The samples are directly injected into the ESI-triple quadrupole MS system. In addition, a 
blank of nicotinamide and KOH solution is also injected.  
Post-Column Reaction Liquid Chromatography 
Chemicals and Reagents 
All chemicals and reagents have a purity of 97% or greater. All chemicals, 
reagents, standards and eluents are prepared in reagent-grade water with a resistivity of 
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18.2 MΩ·cm. Glassware is cleaned with concentrated detergent and rinsed with reagent-
grade water three times.  
Ethanolamine, ethylenediamine, and chloramine-B are purchased from Sigma-
Aldrich. Diethylenetriamine, morpholine, 1,6-hexanediamine, 1,2-cyclohexanediamine, 
chlorosuccinimide, chloramine-T, sodium dichloroisocyanurate, and trichloroisocyanuric 
acid are purchased from Acros Organics. Urea, ammonium chloride (NH4Cl), potassium 
iodide (KI), sodium acetate (CH3COONa), acetic acid (AcOH), potassium phosphate 
monobasic (KH2PO4), hydrochloric acid (HCl), sodium hydroxide (NaOH), acetonitrile, 
and methanol (MeOH) are purchased from Fisher Scientific. Potassium phosphate dibasic 
(K2HPO4) is purchased from Matheson, Coleman and Bell. DPD total and free chlorine 
reagents are purchased from HACH Company.     
Sample Preparation 
The HPLC eluent is made of a phosphate buffer at a concentration of 0.01 M and 
at pH 6.2. The eluent is prepared by dissolving 0.68 g of KH2PO4 and 0. 87 g of K2HPO4 
into 500.0 mL of reagent-grade water, which is followed by sonication for 5 minutes. The 
pH is adjusted with 2 M NaOH.  
The post-column reagent is made of acetic acid and potassium iodide solution 
with a concentration of 0.29 M for the total acetate and 0.09 M for KI, with a final pH 4 
for the solution (Yoon & Jensen, 1992). The reagent is prepared by dissolving 2.99 g of 
KI, 1.48 g of CH3COONa, and 2.8 mL of AcOH into 200.0 mL of reagent-grade water 
(Andrews, 2001). This reagent is prepared before use.  
All samples are prepared in phosphate buffer with a concentration of 0.02 M and 
at pH 6.8 (Yoon & Jensen, 1992), unless otherwise mentioned. The phosphate buffer is 
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prepared by dissolving 2.72 g of KH2PO4 and 3.48 g of K2HPO4 into 1 L of reagent-grade 
water followed by sonication for 5 minutes. All chloramine solutions are prepared before 
use and diluted accordingly.  
Apparatus 
Absorption measurement to determine the concentrations of monochloramine, 
dichloramine, free chlorine and total chlorine and absorption measurement to assess the 
stability of organic chloramines are performed on a diode array spectrophotometer (HP 
8452A).  
The instrumentation setup for the determination of inorganic and organic 
chloramines (Figure 4) consists of a gradient pump (Dionex GP40), a microelectrically 
actuated 6-port injection valve (VICI, Inc.) with 5-L sample loop, a guard column 
(Phenomenex Onyx Monolithic C18 Guard Cartridge [5 x 4.6 mm] ), two analytical 
columns in series (Phenomenex Onyx Monolithic C18 [25 x 4.6 mm]), a 4-channel 
peristaltic pump (FIALab 2500), a 100-L serpentine-mixing reactor and an absorbance 
detector (Dionex AD20). The gradient pump, the injection valve actuation and the data 
collection are automated by PeakSimple hardware/software (SRI Instruments).  
 
 
Figure 4. PCR-LC Instrument Diagram. (GP) gradient pump, (PP) peristaltic pump, (V) 
6-port injection valve, analytical columns, (D) absorbance detector, (W) waster, (E1) 




The gradient pump has two eluents: (E1) is made of a phosphate buffer with a 
concentration of 0.01 M at pH 6.2 and (E2) is reagent-grade water/acetonitrile (95/5 by 
volume). The analyzer was developed using both isocratic and gradient elution 
separations. The flow rate of the pump is set at 0.5 mL/min for the isocratic elution and 1 
mL/min for the gradient elution.   
For the isocratic elution, E1:E2 is 95:5.  
For the gradient elution, the program is as follows: the initial condition (95% of 
E1) is held for 0.75 minute; from 0.75 to 1 minute, the percentage of E1 decreases to 5% 
and is held until 7 minutes; from 7 to 7.25 minutes, it increases to 95%, returning to the 
initial condition.   
One channel of the peristaltic pump is used to withdraw the KI solution (R1) with 
a flow rate of 0.13 mL/min, which is then mixed with the effluent of the high 
performance liquid chromatography (HPLC) column with a mixing tee. The resulting 
product flows through the serpentine-mixing reactor and through the absorbance detector, 
whose wavelength is set at 353 nm.  
Representative chromatograms for these chloramine standards are shown in 
Figure 5, showing a total analysis time of 20 minutes for the isocratic elution and 10 
minutes for the gradient elution. The concentrations of each analyte for the isocratic 
elution are as follow (Figure 5): monochloramine (M) 0.14 mg/L, dichloramine (Di) 0.24 
mg/L, chloroethanolamine (A) 0.25 mg/L, dichloroethylene diamine (B) 15.9 mg/L, 
chloromorpholine (D) 0.66 mg/L, chloramine-T (II) 7.7 mg/L, and chloramine-B (III) 2.2 
mg/L. And the concentrations of each analyte for the gradient elution are, as follow 
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(Figure 5): (M) 0.16 mg/L, (Di) 0.28 mg/L, (A) 0.060 mg/L, (B) 0.044 mg/L, (D) 0.084 
mg/L, (II) 13.4 mg/L, and (III) 2.6 mg/L.  
 
 






Monochloramine (NH2Cl) and dichloramine (NHCl2) are prepared by mixing 
NH4Cl with 
−
OCl solution (Gordon et al., 1992). Bleach is used to provide the 
−
OCl and 
titrated to measure its 
−
OCl concentration which is found to be 66 g/L. This preparation 
method gives concentrations of approximately 50 mg/L for NH2Cl and 20 mg/L for 
NHCl2. For NH2Cl preparation, 250 mL of the phosphate buffer solution are measured 
and adjusted to pH 8.3-8.5. While the solution is left on a magnetic stirrer, 62.6 mg of 
NH4Cl is added to the solution, and then 300-L of the bleach is slowly added with a 
500-L syringe. The solution is stored in a fridge. The NH2Cl concentration is then 
calculated by applying the Beer-Lambert law equation:  




with A Absorbance 





 b Path length of the sample, i.e. path length of the cuvette (cm) 
 c Concentration of the NH2Cl (M)  
The maximum absorbance is taken at a wavelength of 245 nm and with a molar 




 for NH2Cl (Gordon et al., 1992).  
For the NHCl2 preparation, one part of the NH2Cl solution is adjusted to pH 5.0 
with 2 M of HCl. The solution is kept in an amber bottle and in a dark for few hours to 
allow the reaction to occur. The concentration is also measured by using Beer-Lambert 
law equation. For NHCl2, the maximum absorbance is taken at a wavelength of 297 nm 




 (Gordon et al., 1992).    
Organic Chloramines 
Preparation Procedure. Six organic chloramines (chloroethanolamine, 
dichloroethylene diamine, dichlorodiethylene triamine, chloromorpholine, dichloro-1,6-
hexanediamine, and dichloro-1,2-cyclohexanediamine) are of interest, but they are not 
commercially available. Organic chloramines are generated from the reaction of  
–
OCl 
with organic amines (ethanolamine, ethylenediamine, diethylenetriamine, morpholine, 
1,6-hexanediamine, and 1,2-cyclohexanediamine); and this is done with an appropriate 
molar ratio of reactants. The compounds are prepared separately. Each organic amine is 
first dissolved into the phosphate buffer of pH 6.8, and left on a magnetic stirrer. Solution 
of 
−
OCl is then added. The solution is stirred for 30 minutes to allow the reaction to 
occur. All solutions are then kept at a temperature of approximately 4°C at all time.  
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Chloroethanolamine is prepared by mixing 1 mole of ethanolamine and 1 mole of 
−
OCl solution, dichloroethylene diamine with 1 mole of ethylenediamine and 3 moles of 
−
OCl solution, dichlorodiethylene triamine with 1 mole of diethylenetriamine and 2 
moles of 
−
OCl solution, chloromorpholine with 1 mole of morpholine and 1 mole of 
−
OCl 
solution, dichloro-1,6-hexanediamine with 1 mole of 1,6-hexanediamine and 2 moles of 
−
OCl solution and dichloro-1,2-cyclohexanediamine with 1 mole of 1,2-
cyclohexanediamine and 2 moles of 
−
OCl solution. 
To prepare chloroethanolamine, 650 mg of ethanolamine is dissolved into 90 mL 
of the phosphate buffer, then 8.3 mL of bleach are added to the solution which is 
vigorously stirred from 30 minutes. The solution is then transferred into 100-mL 
volumetric flask and diluted to 100-mL mark. Similar procedure is applied to make the 
other compounds:  65 mg of ethylenediamine is mixed with 2.5 mL of bleach; 100 mg of 
diethylenetriamine with 2.3 mL of bleach; 100 mg of morpholine with 900 L of bleach; 
50 mg of 1,6-hexanediamine with 670 L of bleach, and 100 mg of 1,2-
cyclohexanediamine with 1.4 mL of bleach.  
DPD Colorimetric Procedure. Since there is no direct testing method for 
measuring these organic chloramines, combined chlorine concentrations are determined 
first in order to subsequently quantify the concentration of these organic chloramines. 
Combined chlorine is referred to chlorine that is combined with organic amines—
ethanolamine, ethylenediamine, diethylenetriamine, morpholine, 1,6-hexanediamine, and 
1,2-cyclohexanediamine. Also, since there is no direct way to analyze combined chlorine, 
DPD colorimetric method is used to measure total  chlorine and free chlorine; and 
knowing the total and free chlorine levels allow calculating the combined chlorine 
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concentration, as combined chlorine is the difference between total chlorine and free 
chlorine:  
Combined chlorine = Total chlorine – Free chlorine 
This DPD method is suitable for this study, since all the compounds are prepared in 
reagent water, so that all possible interferences are minimized. In this procedure, all 
necessary reagents for the DPD method are already incorporated within a powder pillow 
pack, purchased from HACH Company. The pack for the free chlorine determination 
contains the DPD indicator, EDTA (ethylenediamine tetraacetic acid) and a buffer to 
maintain a pH of 6.2-6.5. The pack for the total chlorine determination has the same 
reagents, but also potassium iodide. In the absence of iodide ion, free chlorine reacts 
instantly with the DPD indicator to produce red-pink color that can be measured 
spectrophotometrically and is proportional to the free chlorine concentration. On the 
other hand, with the presence of iodide ion, all chlorine-containing compounds can react 
with iodide ion to form ultimately tri-iodide ion (I3
−
); and the reaction of tri-iodide ion 
with DPD produces pink colored solution, which can also be measured 
spectrophotometrically and is also proportional to total chlorine concentrations (Harp, 
2002).  
Although the HACH procedure uses a kit for the determination of free chlorine 
and total chlorine (Free chlorine: Hach Method 10069 – Total chlorine: Hach Method 
10070). For this study, a calibration curve is plotted. Bleach, to account for HOCl and 
–
OCl, is used for free chlorine standard solution and monochloramine for total chlorine 
standard solution. The DPD free chlorine reagent is mixed with the bleach solution and 
the DPD total chlorine reagent with the monochloramine solution. Once all reagents are 
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completely dissolved, the absorption measurement is taken at 510 nm, and these 
absorptione values are then plotted in function of the varying concentrations of standard 
solutions to create a calibration curve to be used to quantify combined chlorine.   
For the free chlorine calibration curve, the concentrations of 
–
OCl solution are 
prepared to be 0.26, 0.99, 2.6, 3.3, and 4.0 mg/L. For the total chlorine, the 
concentrations of monochloramine standard are 0.21, 0.42, 1.1, 2.1, and 4.2 mg/L.    
Chlorinated Amides 
Chlorinated amides include chlorosuccinimide, chloramine-T, chloramine-B, 
sodium dichloroisocyanurate, trichloroisocyanuric acid, and chlorourea. These 
compounds are commercially available with the exception of chlorourea, which is 
prepared by mixing urea with 
–
OCl solution. Each chlorinated amide is dissolved 
separately into 100.0 mL of phosphate buffer: chlorosuccinimide (100 mg), chloramine-T 
(200 mg), chloramine-B (200 mg), sodium dichloroisocyanurate (100 mg), and 
trichloroisocyanuric acid (100 mg). Trichloroisocyanuric acid is slightly soluble in the 
phosphate buffer solution; trichloroisocyanuric acid is first dissolved into 1-2 mL of 
methanol, then the phosphate buffer is added to the 100-mL dilution mark. Chlorinated 
amide solutions are kept at a temperature of approximately 4°C at all time.  
 For the preparation of chlorourea, two methods have been investigated: (1) the 
first method is to follow the same procedure as of the organic chloramines, i.e., one mole 
of urea is mixed with one mole of 
−
OCl solution; and (2) the second method is a done at a 
temperature close to 0°C (Grove, 1961) and the mole ratio is kept at one. Urea (600 mg) 
is moistened with 1.5 mL of acetate buffer of pH 4. Then 7.8 mL of bleach is added. The 




RESULTS AND DISCUSSION 
Analysis of Haloacetic Acids by IS-PCR-IC 
The IS-PCR-IC analyzer is developed to analyze HAAs in drinking water. The IS-
PCR-IC method is based on the reaction of HAAs with nicotinamide in basic solution to 
give fluorescent products, whose analytical signal is proportional to the concentration of 
HAAs.  
The system uses an anion-exchange column that can elute the nine HAAs as well 
as seven common inorganic anions (fluoride, chloride, nitrite, bromide, nitrate, phosphate 
and sulfate ions). The common anions do not react with the nicotinamide to produce 
fluorescence signal that can be detected with a fluorescence detector. But these common 
anions can greatly influence the separation, resolution and retention of the HAAs, as they 
are also retained by the anion-exchange column. Sample preparation is necessary to 
minimize the interferences of these common anions; and at the same time, minimizing 
sample preparations before injection into the system has to be considered. 
On the other hand, an on-line internal standardization method is developed 
because internal standardization provides a more robust calibration method and more 
tolerance to environmental and instrumentation variables. This on-line capability was 
already set-up with the first PCR-IC method (Simone et al., 2009); however, this method 
was using an external standardization procedure.              
Linearity, MDL, precision and accuracy studies are then conducted with the IS-
PCR-IC method; and to validate the performance of the IS-PCR-IC analyzer, water 
samples are tested. Twelve grab water samples from locations in the southeastern United 
States are collected according to USEPA Method 552.3 (USEPA, 2003) and analyzed by 
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the IS-PCR-IC analyzer. Group I consists of six grab water samples A, B, C, D, E, and F. 
Group II also consists of six grab water samples G, H, I, J, K, and L. After being passed 
through chloride ion and sulfate ion removal cartridges, water samples are directly 
analyzed by the IS-PCR-IC without undergoing any other sample preparation.  
In addition to the IS-PCR-IC performance and validation studies, the chemistry of 
HAAs and nicotinamide is also investigated.  
Importance of the Removal of Matrix Interferences 
 Twelve grab water samples, consisted of Group I water samples (A through F) 
and of Group II water samples (G through L) are analyzed for common anions in addition 
to HAA analysis. Table 1 shows that only four common anions can be found in these 
samples: fluoride, chloride, nitrate and sulfate ions. The results show that they are all 
below the recommended MCL values.  
Chloride and sulfate ions are the most abundant in these water samples. Chloride 
ion concentrations range from 67.7 mg/L in sample C to 139.8 mg/L in sample L and 
sulfate ion concentrations range from 4.5 mg/L in sample G to 243.7 mg/L in sample L. It 
is worth to note that the concentration of chloride ions in this drinking water is normally 
less than it is stated here because these water samples are quenched with ammonium 
chloride for preservation purposes according to the USEPA Method 552.3.  The 
concentration of chloride ion from ammonium chloride is 66.7 mg/L, therefore, the actual 
concentration of chloride ion in these water samples range then from 1.0 mg/L in sample 
C to 73.1 mg/L in sample L.  
As long as water samples are preserved using ammonium chloride, chloride ions 
would always be present in the water samples to be analyzed; and minimizing its 
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interference is important.  These results demonstrate that sample preparation should be 
considered to remove these common anions that may interfere with the HAA analysis, by 
minimizing their possible effect on the HAA elution, since common anions are also 
retained on the anion-exchange column.  
 
Table 1 
Common Anion Concentration in Water Samples 
  Concentration (mg/L) 
Anions  MCL  A B C D E F 
 Fluoride  4    0.9 1.0 - 1.0 
Chloride*  250  75.9 69.7 67.7 86.5 - 84.4 
Nitrite   1      -  
Bromide        -  
Nitrate  10  9.9 5.4 1.2 2.5 - 7.7 
Phosphate        -  
Sulfate  250  11.3 7.8 46.8 10.5 - 22.6 
 
Anions  MCL  G H I J K L 
 Fluoride  4  0.9 1.1 1.0 0.6 0.5 0.8 
Chloride*  250  96.3 87.1 83.2 99.3 89.9 139.8 
Nitrite   1        
Bromide          
Nitrate  10   1.2 1.9 2.0 1.0  
Phosphate          
Sulfate  250  4.5 15.4 36.4 22.2 12.8 243.7 




Sample Preparation Cartridges used with IS-PCR-IC 
Common anions are present in water samples. The purpose of this study is to 
determine how these common anions interfere with the analysis of HAAs.  
Figure 6 illustrates three chromatograms (A, B, and C). Chromatogram A shows 
that 20 g/L of HAA species each and 50 g/L of internal standard are spiked with low 
concentration of commons anions, i.e., 25 mg/L of Cl
−
, 0.2 mg/L of NO2
−





, 2 mg/L of NO3
−
, 1 mg/L of PO4
3−
, and 25 mg/L of SO4
2−
. All HAA peaks are 
unaffected, except for DCAA peak, which is no longer a peak. The AS9-SC analytical 
column used here is sensitive to common anions, even with just a low level concentration 
of common anions. It is worthwhile to note that most of these common anion 
concentrations are less than the actual concentrations of common anions that can be 
found in real water samples, as shown in Table 1. Therefore, the analytical response of 
the HAAs can be surely affected.    
Chromatogram B shows that 20 g/L of HAA species each and 50 g/L of 
internal standard are also spiked with common anions, but this time with a higher 
concentration, i.e., 250 mg/L of Cl
−
, 1 mg/L of NO2
−
, 2 mg/L of Br
−
, 10 mg/L of NO3
−
, 
20 mg/L of PO4
3−
, and 250 mg/L of SO4
2−
. The resolution is greatly affected. Peaks are 
co-eluting. Although, with these common anion interferences, neither the HAA analytical 
response is accentuated nor diminished, but the problem lies in the resolution of the HAA 
response signal because of the low capacity of the AS9-SC column. These anions will use 
up all the active sites and the effective capacity of the column is reduced. 
Chromatogram C shows that only 10 g/L of HAA species each and 50 g/L of 
internal standard are also spiked with the same (high) concentration of common anions as 
shown in chromatogram B, i.e., 250 mg/L of Cl
−
, 1 mg/L of NO2
−





, 20 mg/L of PO4
3−
, and 250 mg/L of SO4
2−
, but with the use of chloride 
and sulfate ion removal cartridges, these peaks are recovered.  
Cartridges can be used for different purposes: (1) to clean up sample matrices, or 
(2) to pre-concentrate analytes. In this study, these cartridges are useful to remove 
interferences of chloride and sulfate ions, allowing for better elution and resolution, for a 
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longer column lifetime as well as for a minimal sample preparation. Although the IS-
PCR-IC analyzer is designed to be on-line, and it would be good to have an automated 
sample preparation as well; but this can be difficult to achieve and may increase the 
analysis time. But the use of chloride and sulfate ion removal cartridges without being 
on-line is already fast and simple and can help alleviate the HAA analytical response 
problems greatly.  
 
 
Figure 6. Effect of Common Anions on HAA Analysis. (1) MCAA (2) MBAA (3) 
DCAA (4) BCAA (5) DBAA (6) TCAA (7) BDCAA (8) BDCAA (9) TBAA (IS) 
Internal Standard, 2-BBA. 
 
 
Importance of Internal Standard 
The characteristics of an internal standard are (1) to have a chemical similarity as 
those of the analytes, (2) to have a quantifiable concentration, and (3) to have a linear 
response. Therefore, the introduction of internal standard helps to monitor the change in 
the instrumentation performance. Its use is beneficial during an on-line or routine 
monitoring study, i.e., the IS-PCR-IC can be run continuously as long as the internal 
standard gives an adequate response or signal, and thus provides continuous snapshots of 
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HAA concentrations in distribution systems over week-long periods by minimizing 
errors. In order to make the internal standardization work, an automated method of 
internal standard addition is to be developed, and this is by using a syringe pump. 
Linearity, MDL, Precision, and Accuracy Studies 
The limit of linearity (Skoog, Holler, & Nieman, 1998) is determined in a separate 
study using 13 calibration points for the nine HAAs, having concentrations ranging from 
9 to 1824 g/L. These detailed studies are used to determine the dynamic range (Skoog et 
al., 1998), absolute error (Skoog et al., 1998)  and percent relative error (Skoog et al., 
1998).  
The calibration graphs for these HAA standards are shown in Figure 7 for MCAA 
and MBAA, in Figure 8 for DCAA, BCAA, and DBAA, in Figure 9 for TCAA and 
BDCAA, and in Figure 10 for DBCAA and TBAA. They are obtained by plotting each 
HAA peak area against the varying HAA standard concentration. For all nine HAAs, the 
linearity starts to deviate once the concentration attains 912 g/L. The dynamic range for 
each HAA species can be said to be excellent, ranging from 5 to 912 g/L depending on 
the HAA species (Table 2). The sensitivity (slope of the calibration graph within the 
dynamic range limit) is different depending on the HAA species, with DCAA having the 
least sensitivity. However, this method still provides acceptable sensitivity to quantify 
HAAs in drinking water. The regression coefficients (R
2
) are greater than 0.995. The 
limit of linearity of each HAA species is 15 times greater than the MCL of 60 g/L for 
the regulated five HAAs.  
As it is noticed, the calibration graph for each HAA becomes non-linear at high 
concentration, starting after the dynamic range upper limit of 912 g/L. The peak area, 
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which is related to the fluorescence intensity, increases even more as the concentration 
increases and the fluorescence intensity is found to lie above the extrapolation of the 
straight-line plot. Different factors may cause this non-linearity at high concentration.  
The light that is absorbed by the species is related to the concentration, as the following 
equation shows:  
P
P0
= 10−ε ∙ b ∙ c  
with P Intensity of transmitted light 
 P0 Intensity of incident light 
  olar absorptivity 
 b Path length of sample  
 c Concentration  
The term ∙ b ∙ c is the absorbance (A) (Beer-Lambert law equation). To relate the 
fluorescence intensity to the concentration, the quantification of the fluorescence 
intensity is written, as follows (Skoog et al., 1998): 
FI = K’ ∙ P0 (1 − 10
−∙ b ∙ c
)  
where K’ is a constant dependent on the quantum yield. The exponential term can be 
expanded in a MacLaurin series to give (Skoog et al., 1998):  






+ ⋯ ] 
If the absorbance is low (bc < 0.05), all terms, except the first of the series, are 
negligible and the fluorescence intensity is directly proportional to the concentration by 
linear relationship, as follows:  
FI = K′ P02.303εbc. 
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At a higher concentration with A > 0.05, this linear relationship is lost and the 
fluorescence intensity should be below the extrapolation of the straight-line plot. 
Therefore the plot should flatten. This is not the case with this linearity study; the curve is 
above the extrapolation of the straight-line plot. Therefore, this beginning of this non-
linearity can be thought to be associated with other factors, such as the chemistry or the 
process of the reaction between HAA and nicotinamide.   
 
 
Figure 7. Linearity Calibration Plot for MCAA and MBAA. 
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Figure 8. Linearity Calibration Plot for DCAA, BCAA, and DBAA.  
 
 
Figure 9. Linearity Calibration Plot for TCAA and BDCAA.  
 
y = 0.0205x + 0.0494
R² = 0.9984
y = 0.2374x + 0.9509
R² = 0.998




















y = 0.0464x + 0.1661
R² = 0.9987
























Figure 10. Linearity Calibration Plot for DBCAA and TBAA.  
y = 0.2428x + 1.7183
R² = 0.9975






















IS-PCR-IC and USEPA 552.3: Linearity, MDL, Accuracy, and Precision Studies 
 
 
Dyn. Range (Dynamic Range). Abs. Err. (Absolute Error). Rel. Err. (Relative Error). 




Prior to analysis of the 12 grab water samples, detailed MDL, accuracy and 
precision studies are performed using the on-line IS- PCR-IC analyzer for the HAAs. In 
accordance with the USEPA recommended calibration protocol, five calibration 
standards and seven check standards are analyzed for each MDL, accuracy, and precision 
study. A modified USEPA calibration protocol is used for the calculation of the USEPA 
MDL (Glaser, Foerst, McKee, Quave, & Budde, 1981; USEPA, 1996), mean percent 
recovery (mean % recovery) and % relative standard deviation (% RSD) (USEPA, 1996). 
 IS-PCR-IC  USEPA 552.3 
 
 











































MDL MDL MDL 
 (g/L)         (g/L)(g/L)       (g/L) 
 Group I             
  MCAA 12 – 912 1.5 20.5 3.6 ND 1.3 79.1 19.9 0.988 0.4 111.3 3.4 
  MBAA 11 – 912 - 0.7 9.6 3.3 1.9 1.6 110 13.3 0.980 0.1 139.0 0.8 
  DCAA 16 – 912 0.0 0.0 4.9 1.6 2.3 101 21.2 0.958 0.1 138.8 0.4 
  BCAA 7 – 912 1.4 19.2 2.1 ND 1.2 80.3 11.5 0.990 0.1 125.4 0.5 
  DBAA 5 – 912 0.0 0.0 1.4 2.0 1.5 100 6.2 0.983 0.04 139.5 0.3 
  TCAA 8 – 912 1.8 24.7 2.5 ND 2.2 75.9 14.1 0.966 0.1 136.4 0.6 
 BDCAA 11 – 912 0.6 8.2 3.3 0.5 0.15 91.9 15.5 1.000 0.1 144.0 0.8 
 DBCAA 7 – 912 0.2 2.8 2.2 0.6 1.2 97.1 9.8 0.988 0.2 147.1 1.1 
TBAA 6 – 912 0.0 0.0 1.7 0.01 0.46 100 7.6 0.998 0.2 151.5 1.5 
THAA5    7.5  4.1       
THAA9    8.9  4.4       
Group II             
MCAA 9 – 912 - 0.2 2.7 2.7 2.0 1.5 102.4 11.3 0.982 1.8 80.8 23.9 
MBAA 10 – 912 0.5 6.7 3.1 0.04 0.52 92.2 14.8 0.998 2.4 93.1 27.4 
DCAA 26 – 912 0.1 1.4 7.8† 2.7 2.8 98.1 34.6 0.940 2.7 93.6 30.1 
BCAA 8 – 912 0.3 4.1 2.5 0.17 0.74 95.7 11.2 0.996 1.4 98.4 14.9 
DBAA 6 – 912 - 0.8 11.0 1.8 2.5 1.6 111.5 7.0 0.977 2.6 94.9 29.6 
TCAA 13 – 912 1.5 20.5 3.9 ND 2.3 79.6 21.1 0.964 2.3 97.6 24.5 
BDCAA 11 – 912 0.8 11.0 3.2 ND 0.91 88.8 15.8 0.994 2.7 100.7 28.4 
DBCAA 10 – 912 0.3 4.1 3.1 0.33 0.95 95.4 14.3 0.993 2.7 102.3 28.1 
TBAA 11 – 912 1.2 16.4 3.3 0.05 0.89 83.3 17.5 0.995 2.5 94.4 27.9 
THAA5    9.8  4.3       




A calibration curve is prepared to determine the slope and the y-intercept. A check 
standard is prepared between the two lowest calibration points and analyzed seven 
consecutive times; the experimental concentration of the check standard is then 
determined. The MDL for each species is calculated by multiplying the standard 
deviation of the concentration by the associated student’s t-value at the 98 % C.L. (t-
value is 3.143 for seven samples); the mean % recovery and % RSD are calculated to 
estimate the accuracy and precision, respectively.  
The IS-PCR-IC uses internal standardization as 2-bromobutanoic acid. The 
calibration curve is then prepared by plotting the ratio of the peak areas of the HAA 
standards to the internal standard at each concentration; and the check standard 
concentrations are calculated using the ratio of the peak area of the HAAs to the peak 
area of the internal standard. The USEPA provides additional guidance that an acceptable 
range for the mean % recovery of the check standard is ± 50 % and the % RSD can be 30 
% when the check standard concentration is within a factor of 2 to 5 of the MDL 
(USEPA, 1996). Two additional MDL calculations are used to further analyze the 
performance of the IS-PCR-IC: (1) the traditional MDL (Skoog et al., 1998), measured as 
three times the standard deviation of the noise in a blank; and (2) the Uncertainty MDL 
(Harris, 2007), measured as the propagation of error on the concentration in the 
calibration curve which would be the lowest concentration measurable of analytical 
significance.  
The results from the detailed MDL, accuracy, and precision studies of the IS-
PCR-IC are reported in Table 2. The USEPA MDLs for all nine HAA species are within 
the 0.5 to 5 g/L range defined in the Ideal Method (Emmert et al., 2004) except for 
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DCAA in group II at 7.8 g/L. This USEPA MDL ranges from 1.4 g/L for DBAA in 
group I to 4.9 g/L for DCAA in group I. The traditional MDL estimates are all less than 
3 g/L for all HAAs in both groups.  This traditional MDL ranges from 0.01 g/L for 
TBAA in group I to 2.7 g/L for DCAA in group II. And the Uncertainty MDL are all 
less than 3 g/L for all HAAs, ranging from 0.15 g/L for BDCAA in group I to 2.8 g/L 
for DCAA in group II. All three estimates of the MDL for each HAA9 species ideally 
should be within an order of magnitude of each other and they are, as presented here.  
The mean % recovery for the HAAs ranges from 75.9% to 111.5% and the %RSD 
ranges from 6.2 to 34.6% and are within the acceptable limits defined by the USEPA 
(USEPA, 1996).  
The IS-PCR-IC analyzer determines individual HAA concentrations, but it can be 
used to determine the total concentration of HAAs (Total HAAs): Total HAA5 (THAA5) 
and Total HAA9 (THAA9) concentrations by summing the individual species. The 
USEPA MDL for Total HAAs is calculated by multiplying student’s t-value by the 
standard deviation of the Total HAAs check standard concentrations. The Total HAA 
standard deviation is then calculated as the sum of the individual HAA standard 




 + … + en
2
 ) (Harris, 2007). A similar calculation can be done 
for the Uncertainty MDL where the uncertainties in concentration are summed (Harris, 
2007) to calculate the total uncertainty in Total HAA5 or Total HAA9 concentrations. 
With these approaches, the Group I USEPA MDL for Total HAA5 is 7.5 g/L and Total 
HAA9 is 8.9 g/L; and the Group I uncertainty MDL for Total HAA5 is 4.1 g/L and 
Total HAA9 is 4.4 g/L. For Group II, the USEPA MDL for Total HAA5 is 9.8 g/L and 
Total HAA9 is 11.5 g/L. The Group II uncertainty MDL for Total HAA5 is 4.3 g/L 
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and for Total HAA9 is 4.6 g/L. The Total HAA5 and Total HAA9 MDL values are all 
well below the MCL value for HAA5 and illustrates the capability of the IS-PCR-IC 
analyzer. 
Real World Water Sample Analysis 
After each of the MDL, accuracy and precision studies are done, a total of twelve 
grab samples from the southeastern United States is collected, preserved with NH4Cl and 
stored at 4°C according to USEPA Method 552.3 (USEPA, 2003). Group I water samples 
(A through F) are collected and analyzed two months before the Group II water samples 
(G through L). Both sets of water samples are analyzed by IS-PCR-IC and USEPA 
Method 552.3 and each water sample is analyzed on the same day with these two 
methods to prevent any bias due to the continued formation of HAAs in the sampling 
bottles (Emmert et al., 2007; Emmert et al., 2009; Hong et al., 2008; Simone et al., 2009). 
Before the IS-PCR-IC analysis, these water samples are passed through commercially 
available anion exchange cartridges to remove chloride and sulfate ions; each pre-treated 
sample is then introduced into the on-line sampling channel of the IS-PCR-IC analyzer. 
The total analysis time is one hour. The calibration curve with the internal standardization 
calibration is used to quantify the HAA concentrations in the water samples.  
The bias values for each concentration of HAA species and the Total  HAA5 as 
well as Total HAA9 between these two methods are calculated as the ―experimental 
value – true value‖ (Skoog et al., 1998) where the experimental value is defined as the IS-
PCR-IC analyzer and the true value is USEPA Method 552.3. However, Bland and 
Altman (1986, 1999) warn against using any particular method as a ―true‖ value as all 
methods have inherent and systematic biases.  
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Individual and Total HAA Raw Data Set Results 
Tables 3 and 4 represent the raw data set results that are obtained directly from 
the measurement of HAAs in the water samples by IS-PCR-IC and USEPA Method 
552.3. These tables show the concentrations of each HAA, Total HAA5 (THAA5), and 
Total HAA9 (THAA9) and the bias values, whenever the bias values can be calculated. 
From these raw data results, concentrations are marked with an asterisk (*) when one 
method reports concentrations less than its corresponding MDL value; and concentrations 
are marked with ND (not determined) when no concentration value is measured.  
According to these tables, 132 direct comparisons were possible over 12 water 
samples. Forty-one of these comparisons (in red color in Tables 3 and 4) are not 
calculated because one of the methods cannot quantify an HAA species; they are marked 
as 3 dashes (---). Seventeen of the comparisons are assigned ND because neither IS-PCR-
IC nor USEPA 552.3 can quantify any HAA species. A total of 74 comparisons can be 
directly calculated from these raw data; and this represents the majority of the 
comparison study.  
Overall, these results show that 91 (17 plus 74) of all the 132 comparisons can be 
obtained directly from the raw results obtained from each IS-PCR-IC and the USEPA 
Method 552.3, meaning that, by majority at 69% of all the comparison, IS-PCR-IC gives 
comparable results to those of the USEPA Method 552.3. Forty-one of all comparisons 
still have to be ―readjusted‖ by taking account of the MDL of the each HAA species, 
meaning they have to be re-calculated.  
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Bias Way of Calculation for Individual HAA 
Because 41 out of 132 comparisons cannot be calculated, the bias calculations 
must be then considered in context with the MDLs of the individual HAA species. The 
USEPA MDL is defined as the concentration of analyte which can be differentiated from 
the noise of the analyzer, and can be considered a realistic, worst-case estimate of 
analyzer performance when the check standard is analyzed within a factor of 2 to 5 of the 
MDL (Glaser et al., 1981; USEPA, 1996), as with the MDL, accuracy, and precision 
studies reported in Table 2. Each MDL, accuracy, and precision study is an estimate of a 
―true‖ MDL value, thus it is expected to see individual and Total HAA MDLs to vary 
from study to study. This means that bias values of each HAA species in the order of the 
MDLs of the respective HAAs can be seen and ideally within a factor of 1 to 1.5 of the 
reported MDL. 
In order to calculate the bias values for these concentrations, ―Bias Calculation 
Options‖ are to be considered. This is the fact that there are six scenarios that may occur 
when calculating the bias. Under each scenario, there are different ways on how to 
calculate the bias values of the individual HAA between IS-PCR-IC and USEPA Method 
552.3. These are referred as ―Bias Calculation Option.‖   
Scenario 1:  Both results are higher than the MDL value. 
(1a) The bias is calculated between the two methods.  
Scenario 2:  Both results are less than the MDL value. 
(2a) The bias is calculated between the two methods.  
(2b) The MDL values are used and the bias is calculated. 




Scenario 3:  Both results have no value, i.e., ND. 
(3a) The bias is not calculated and noted as ND.  
Scenario 4:  One result is higher than the MDL value and the other one is less than the 
MDL value. 
(4a) The bias is calculated between the two methods.  
(4b) The MDL is used for the result that is less than the corresponding 
MDL value. The bias is then calculated.   
(4c) ND is used for the result that is less than the corresponding MDL 
value, then the bias cannot be calculated.   
Scenario 5:  One concentration is less than the MDL value and the other one is not 
quantifiable, i.e., ND. 
(5a) The corresponding MDL value is used for the result that is not 
determined, then the bias is calculated.  
(5b) ND is used for both results, then no bias is calculated.  
Scenario 6:  One result is more than the corresponding MDL value and the other one 
has no value, i.e., ND. 
(6a) The MDL is used for the result, whose concentration is not 
determined.  




Bias Way of Calculation for THAA5 and THAA9 
The bias values of total concentration of HAA5 and HAA9 between these two 
methods are calculated as well. The total concentration is the sum of all quantifiable 
HAA species, as they are the most representative of the HAAs present in the water 
samples. In order not to overestimate or skew the total concentration of the HAAs, no 
MDLvalue is used (Emmert et al., 2007). 
Bias Results using the MDL of the Individual HAA Species 
Under Bias Calculation Options 1a, 2a, 3a, 4a, 5a, and 6a, the recalculated values 
are shown in Tables 5 and 6. Biases, originally represented by 3 dashes (---), are now 
assigned with bias values (in blue color in Tables 5 and 6). These bias values are 
calculated for each HAA that had a quantifiable concentration, even if only one of the 
methods (IS-PCR-IC or USEPA Method 552.3) is able to detect and quantify HAA 
species. In this case, the MDL value of the corresponding analyte and method is used to 
calculate the bias in order not to underestimate the amount of each HAA that may have 
been present in the water samples (Emmert et al., 2007).   
Using the IS-PCR-IC analyzer, concentrations for individual HAA in the 12 water 
samples range from a minimum of not detected (ND) to a maximum of 22.3 g/L in 
Sample J for DCAA. The Total HAA5 ranges from 2.6 g/L in sample A to a maximum 
of  36.6 g/L in sample J and the Total  HAA9 concentrations ranges from 2.6 g/L in 
sample A to a maximum of 41.9 g/L in sample J.  
With USEPA Method 552.3, the individual HAA concentration ranges from a 
minimum of not detected (ND) to a maximum of 16.0 g/L in sample D for TCAA. The 
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Total HAA5 ranges from 3.1 g/L in sample B to 30.5 g/L in sample D and the Total 
HAA9 concentrations range from 4.3 g/L in sample B to 33.2 g/L in sample D.  
Among these results, for the individual HAA, the magnitude of the bias values 
ranges from 0.1 g/L in samples B, C, D, G, and L to 12.3 g/L in sample J. In samples 
G and J, DCAA contributes to the majority of the biases with 7.8 and 12.3 g/L, 
respectively. For the Total HAA5, the bias magnitude ranges from 0.4 g/L in sample B 
to a maximum of 15.6 g/L in sample J and for the Total HAA9, it ranges from 0.4 g/L 
in sample B to 12.5 g/L in sample J.  
If we consider all 132 comparisons possible in this sampling study, 94.7% of the 
bias values fall within a factor of 1.5 of the individual HAA species, the estimated Total 
HAA5 or Total HAA9 MDL of the IS-PCR-IC method. In 9 of the 12 samples, DCAA 
has a one of the top two biases in terms of magnitude. This makes sense when DCAA is 
the worst performing HAA species in terms of the MDL when using the IS-PCR-IC 
analyzer. However, the bias issues with DCAA are relatively small when all the bias 
magnitudes for each HAA species, Total HAA5, and Total HAA9 are taken into account. 
The average magnitude of the bias between IS-PCR-IC and USEPA Method 552.3 over 
108 individual comparisons of the individual HAA species is 2.0 g/L. The average bias 
for the 12 Total HAA5 comparisons is 5.7 g/L and Total HAA9 comparisons 5.0 g/L.  
Alternative Bias Results   
Tables 7 and 8 show the bias results using Bias Calculation Options 1a, 2c, 3a, 4b, 
5b, and 6b. The fact that USEPA MDLs are a factor of 10 lower than the IS-PCR-IC 
MDLs, and the USEPA method is more capable of analyzing HAAs at low levels, these 
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tables reflect that, in most of the cases, results are within the ND to MDL value for the 
IS-PCR-IC.  
Under Scenario 2, ND is used because using the MDL value may skew all the 
results towards the difference between the MDL of each HAA from both methods.  
Under Scenario 4, the MDL value is used for the result that is less than the 
corresponding MDL value because the measured concentration may be ―correct‖, if 
found above the MDL value. Therefore, the concentration should be around or more than 
the MDL.  
Under Scenario 5, ND is used because both methods would agree than the 
concentration is near the ND value than the MDL value. 
Under Scenario 6, both methods just do not agree. This is the case for 17 out of 
108 comparisons (in green color in Tables 7 and 8). The difference may be coming from 
the chromatogram itself. For this case, ND is assigned as zero (0) in order to calculate the 
bias value, as one of the methods is able to measure above the MDL. Overall, this 
alternative calculation gave results that are statistically similar to the previous bias results 
when the MDL values are used.  
Summary 
On one hand, the calculation can be overwhelmed if all scenarios have to be taken 
case by case, because downward adjustment (whenever ND is assigned) or upward 
adjustment (whenever MDL value is used) should be done. On the other hand, by only 
using the MDL values (as in Tables 5 and 6) to calculate the bias, the problem is that this 
type of calculation does not take into account wherever the range of concentrations lay, if 
it is near the ND, MDL, or above the MDL values. The bias values may be skewed 
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depending of the MDL of each HAA species, if there is a systematic use of the MDL 
value when the measured concentration is less than the corresponding MDL value of the 
HAA.  
Knowing that this study is about method comparison, all these analyses show 
comparable data between the two methods, IS-PCR-IC and USEPA 552.3. Almost 70% 
of all comparisons are measured directly from the raw data sets of concentrations. Among 
all the 108 comparisons of the individual HAA species, the average bias magnitude is 
around 2.0 g/L. For the Total HAA5, the bias magnitude ranges from 0.4 to 15.6 g/L 
and for the Total HAA9, the bias magnitude ranges from 0.4 to 12.5 g/L.
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Table 3  
 Water Sample Raw Data Results. Group I. Concentrations in g/L. 




















MCAA  ND ND ND  0.8* ND ---  4.1 ND --- 
 
MBAA  1.7* ND ---  1.9* ND ---  0.9* ND --- 
 
DCAA  0.9* 2.6 - 1.7  ND 1.3 ---  9.1 11.8 - 2.7 
 
BCAA  ND 1.3 ---  ND 0.9 ---  ND 2 --- 
 
DBAA  ND ND ND  ND ND ND  7 ND --- 
 
TCAA  ND 1.0 ---  ND 1.8 ---  10.7 12.4 - 1.7 
 
BDCAA  ND 0.8 ---  ND 0.3 ---  4.3 2.4 1.9 
 
DBCAA  ND ND ND  0.9* ND ---  0.4* ND --- 
 
TBAA  ND ND ND  0.3* ND ---  ND ND ND 
 
THAA9  2.6 5.7 - 3.1  3.9 4.3 - 0.4  36.5 28.6 7.9 
THAA5  2.6 3.6 - 1.0  2.7 3.1 - 0.4  31.8 24.2 7.6 
     




















MCAA  0.4* 0.5 - 0.1  ND 0.3* ---  ND 0.5 --- 
 
MBAA  3.6 ND ---  5.1 ND ---  ND ND ND 
 
DCAA  15.9 14 1.9  11.2 11.8 - 0.6  9.0 13.1 - 4.1 
 
BCAA  0.02* 0.8 - 0.8  ND 1.3 ---  2.6 2.1 0.5 
 
DBAA  ND ND ND  ND ND ND  ND ND ND 
 
TCAA  14.7 16 - 1.3  14.8 14.2 0.6  15.4 12.7 2.7 
 
BDCAA  2.3* 1.9 0.4  1.8* 1.6 0.2  3.8 3.5 0.3 
 
DBCAA  0.4* ND ---  ND ND ND  ND ND ND 
 
TBAA  0.9* ND ---  ND ND ND  ND ND ND 
 
THAA9  38.2 33.2 5.0  32.9 29.2 3.7  30.8 31.9 - 1.1 
THAA5  34.6 30.5 4.1  31.1 26.3 4.8  24.4 26.3 - 1.9 
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Table 4  
 Water Sample Raw Data Results. Group II. Concentrations in g/L. 




















MCAA  0.7* 0.4* 0.3  5.5 1.1* 4.4  2.0* ND --- 
 
MBAA  ND ND ND  2.1* ND ---  0.6* ND --- 
 
DCAA  1.1* 8.9 - 7.8  15.3 11.5 3.8  13.1 9.8 3.3 
 
BCAA  0.3* 2 - 1.7  3.7 3.2 0.5  0.2* 1.3* - 1.1 
 
DBAA  1.7* ND ---  2.2 0.3* 1.9  2.6 ND --- 
 
TCAA  9.9 12.4 - 2.5  1.2* 5.9 - 4.7  2.8* 6.5 - 3.7 
 
BDCAA  2.0* 3.1 - 1.1  0.03* 2.8 - 2.8  ND 1.4* --- 
 
DBCAA  0.1* 0.02* 0.08  0.7* 0.3* 0.4  0.3* ND --- 
 
TBAA  2.7* ND ---  ND ND ND  0.9* ND --- 
 
THAA9  18.5 26.8 - 8.3  30.7 25.1 5.6  22.5 19.0 3.5 
THAA5  13.4 21.7 - 8.3  26.3 18.8 7.5  21.1 16.3 4.8 
     




















MCAA  7.2 0.5* 6.7  7.6 ND ---  2.0* ND --- 
 
MBAA  0.1* ND ---  ND ND ND  0.1* ND --- 
 
DCAA  22.3 10.0 12.3  5.4* 6.2 - 0.8  6.3* 3.5 2.8 
 
BCAA  2.6 3.2 - 0.6  1.7* 1.1* 0.6  1.0* 2.8 - 1.8 
 
DBAA  2.4 0.3* 2.1  2.3 ND ---  5.6 3.2 2.4 
 
TCAA  4.6 10.2 - 5.6  2.0* 5.4 - 3.4  1.5* 1.6* - 0.1 
 
BDCAA  2.1* 4.6 - 2.5  0.4* 1.5 - 1.1  1.4* 2.8 - 1.4 
 
DBCAA  0.05* 0.6* - 0.6  0.1* ND ---  2.1* 3.0 - 0.9 
 
TBAA  0.6* ND ---  0.2* ND ---  1.1* 1.0* 0.1 
 
THAA9  41.9 29.4 12.5  19.7 14.2 5.5  21.1 17.9 3.2 
THAA5  36.6 21.0 15.6  17.3 11.6 5.7  15.5 8.3 7.2 
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Table 5  
Recalculated Bias Results for Group I using Bias Calculation Options 1a, 2a, 3a, 4a, 5a, and 6a. 
Concentrations in g/L.    




















MCAA  ND ND ND  0.8* ND 
(0.4) 
0.4  4.1 ND 
(0.4) 
3.7 
MBAA  1.7* ND 
(0.1) 
1.6  1.9* ND 
(0.1 
1.8  0.9* ND 
(0.1) 
0.8 
DCAA  0.9* 2.6 - 1.7  ND 
(4.9) 
1.3 3.6  9.1 11.8 - 2.7 
BCAA  ND 
(2.1) 
1.3 0.8  ND 
(2.1) 
0.9 1.2  ND 
(2.1) 
2 0.1 
DBAA  ND ND ND  ND ND ND  7 ND 
(0.04) 
7.0 
TCAA  ND 
(2.5) 
1.0 1.5  ND 
(2.5) 
1.8 0.7  10.7 12.4 - 1.7 
BDCAA  ND 
(3.3) 
0.8 3.3  ND 
(3.3) 
0.3 3.0  4.3 2.4 1.9 
DBCAA  ND ND ND  0.9* ND 
(0.2) 
0.7  0.4* ND 
(0.2) 
0.2 
TBAA  ND ND ND  0.3* ND 
(0.2) 
0.1  ND ND ND 
THAA9  2.6 5.7 - 3.1  3.9 4.3 - 0.4  36.5 28.6 7.9 
THAA5  2.6 3.6 - 1.0  2.7 3.1 - 0.4  31.8 24.2 7.6 
     




















MCAA  0.4* 0.5 - 0.1  ND 
(3.6) 
0.3* 3.3  ND 
(3.6) 
0.5 3.1 
MBAA  3.6 ND 
(0.1) 
3.5  5.1 ND 
(0.1) 
5.0  ND ND ND 
DCAA  15.9 14 1.9  11.2 11.8 - 0.6  9.0 13.1 - 4.1 
 
BCAA  0.02* 0.8 - 0.8  ND 
(2.1) 
1.3 0.8  2.6 2.1 0.5 
DBAA  ND ND ND  ND ND ND  ND ND ND 
 
TCAA  14.7 16.0 - 1.3  14.8 14.2 0.6  15.4 12.7 2.7 
 
BDCAA  2.3* 1.9 0.4  1.8* 1.6 0.2  3.8 3.5 0.3 
 
DBCAA  0.4* ND 
(0.2) 
0.2  ND ND ND  ND ND ND 
TBAA  0.9* ND 
(0.2) 
0.7  ND ND ND  ND ND ND 
THAA9  38.2 33.2 5.0  32.9 29.2 3.7  30.8 31.9 - 1.1 
THAA5  34.6 30.5 4.1  31.1 26.3 4.8  24.4 26.3 - 1.9 
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Table 6  
Recalculated Bias Results for Group II using Bias Calculation Options 1a, 2a, 3a, 4a, 5a, and 6a. 
Concentrations in g/L.    




















MCAA  0.7* 0.4* 0.3  5.5 1.1* 4.4  2.0* ND 
(1.8) 
0.2 
MBAA  ND ND ND  2.1* ND 
(2.4) 
- 0.3  0.6* ND 
(2.4) 
- 1.8 
DCAA  1.1* 8.9 - 7.8  15.3 11.5 3.8  13.1 9.8 3.3 
 
BCAA  0.3* 2 - 1.7  3.7 3.2 0.5  0.2* 1.3* - 1.1 
 
DBAA  1.7* ND 
(2.6) 
- 0.9  2.2 0.3* 1.9  2.6 ND 
(2.6) 
0.0 
TCAA  9.9 12.4 - 2.5  1.2* 5.9 - 4.7  2.8* 6.5 - 3.7 
 
BDCAA  2.0* 3.1 - 1.1  0.03* 2.8 - 2.8  ND 
(3.2) 
1.4* 1.8 
DBCAA  0.1* 0.02* 0.08  0.7* 0.3* 0.4  0.3* ND 
(2.7) 
- 2.4 
TBAA  2.7* ND 
(2.5) 
0.2  ND ND ND  0.9* ND 
(2.5) 
- 1.6 
THAA9  18.5 26.8 - 8.3  30.7 25.1 5.6  22.5 19.0 3.5 
THAA5  13.4 21.7 - 8.3  26.3 18.8 7.5  21.1 16.3 4.8 
     




















MCAA  7.2 0.5* 6.7  7.6 ND 
(1.8) 
5.8  2.0* ND 
(1.8) 
0.2 
MBAA  0.1* ND 
(2.4) 
- 2.3  ND ND ND  0.1* ND 
(2.4) 
- 2.3 
DCAA  22.3 10.0 12.3  5.4* 6.2 - 0.8  6.3* 3.5 2.8 
 
BCAA  2.6 3.2 - 0.6  1.7* 1.1* 0.6  1.0* 2.8 - 1.8 
 
DBAA  2.4 0.3* 2.1  2.3 ND 
(2.6) 
- 0.3  5.6 3.2 2.4 
TCAA  4.6 10.2 - 5.6  2.0* 5.4 - 3.4  1.5* 1.6* - 0.1 
 
BDCAA  2.1* 4.6 - 2.5  0.4* 1.5 - 1.1  1.4* 2.8 - 1.4 
 
DBCAA  0.05* 0.6* - 0.6  0.1* ND 
(2.7) 
- 2.6  2.1* 3.0 - 0.9 
TBAA  0.6* ND 
(2.5) 
- 1.9  0.2* ND 
(2.5) 
- 2.3  1.1* 1.0* 0.1 
THAA9  41.9 29.4 12.5  19.7 14.2 5.5  21.1 17.9 3.2 




Recalculated Bias Results for Group I using Bias Calculation Options 1a, 2c, 3a, 4b, 5b, and 6b. 
Concentrations in g/L. 




















MCAA  ND ND ND  0.8* 
(ND) 
ND ND  4.1 ND 4.1 
MBAA  1.7* 
(ND) 
ND ND  1.9* 
(ND) 
ND ND  0.9* 
(ND) 
ND ND 
DCAA  0.9* 
(4.9) 
2.6 2.3  ND 1.3 - 1.3  9.1 11.8 - 2.7 
BCAA  ND 1.3 - 1.3  ND 0.9 - 0.9  ND 2.0 - 2.0 
 
DBAA  ND ND ND  ND ND ND  7.0 ND 7.0 
 
TCAA  ND 1.0 - 1.0  ND 1.8 - 1.8  10.7 12.4 - 1.7 
 
BDCAA  ND 0.8 - 0.8  ND 0.3 - 0.3  4.3 2.4 1.9 
 
DBCAA  ND ND ND  0.9* 
(ND) 
ND ND  0.4* 
(ND) 
ND ND 
TBAA  ND ND ND  0.3* 
(ND) 
ND ND  ND ND ND 
THAA9  2.6 5.7 - 3.1  3.9 4.3 - 0.4  36.5 28.6 7.9 
THAA5  2.6 3.6 - 1.0  2.7 3.1 - 0.4  31.8 24.2 7.6 
     




















MCAA  0.4* 
(3.6) 
0.5 3.1  ND 0.3* 
(ND) 
ND  ND 0.5 - 0.5 
MBAA  3.6 ND 3.6  5.1 ND 5.1  ND ND ND 
 
DCAA  15.9 14 1.9  11.2 11.8 - 0.6  9.0 13.1 - 4.1 
 
BCAA  0.02* 
(2.1) 
0.8 1.3  ND 1.3 - 1.3  2.6 2.1 0.5 
DBAA  ND ND ND  ND ND ND  ND ND ND 
 
TCAA  14.7 16 - 1.3  14.8 14.2 0.6  15.4 12.7 2.7 
 
BDCAA  2.3* 
(3.3) 
1.9 1.4  1.8* 
(3.3) 
1.6 1.7  3.8 3.5 0.3 
DBCAA  0.4* 
(ND) 
ND ND  ND ND ND  ND ND ND 
TBAA  0.9* 
(ND) 
ND ND  ND ND ND  ND ND ND 
THAA9  38.2 33.2 5.0  32.9 29.2 3.7  30.8 31.9 - 1.1 




Recalculated Bias Results for Group II using Bias Calculation Options 1a, 2c, 3a, 4b, 5b, and 6b. 
Concentrations in g/L.     




















MCAA  0.7* 0.4* 0.3  5.5 1.1* 
(1.8) 
3.7  2.0* 
(ND) 
ND ND 
MBAA  ND ND ND  2.1* 
(ND) 
ND ND  0.6* 
(ND) 
ND ND 
DCAA  1.1* 
(7.8) 
8.9 - 1.1  15.3 11.5 3.8  13.1 9.8 3.3 
BCAA  0.3* 
(2.5) 
2 0.5  3.7 3.2 0.5  0.2* 1.3* - 1.1 
DBAA  1.7* 
(ND) 
ND ND  2.2 0.3* 
(2.6) 
- 0.4  2.6 ND 2.6 
TCAA  9.9 12.4 - 2.5  1.2* 
(3.9) 
5.9 - 2.0  2.8* 
(3.9) 
6.5 - 2.6 
BDCAA  2.0* 
(3.2) 
3.1 0.1  0.03* 
(3.2) 
2.8 0.4  ND 1.4* 
(ND) 
ND 
DBCAA  0.1* 0.02* 0.08  0.7* 0.3* 0.4  0.3* 
(ND) 
ND ND 
TBAA  2.7* 
(ND) 
ND ND  ND ND ND  0.9* 
(ND) 
ND ND 
THAA9  18.5 26.8 - 8.3  30.7 25.1 5.6  22.5 19.0 3.5 
THAA5  13.4 21.7 - 8.3  26.3 18.8 7.5  21.1 16.3 4.8 
     




















MCAA  7.2 0.5* 
(1.8) 
5.4  7.6 ND 7.6  2.0* 
(ND) 
ND ND 
MBAA  0.1* 
(ND) 
ND ND  ND ND ND  0.1* 
(ND) 
ND ND 
DCAA  22.3 10.0 12.3  5.4* 
(7.8) 
6.2 1.6  6.3* 
(7.8) 
3.5 4.3 
BCAA  2.6 3.2 - 0.6  1.7* 1.1* 0.6  1.0* 
(2.5) 
2.8 - 0.3 
DBAA  2.4 0.3* 
(2.6) 
- 0.2  2.3 ND 2.3  5.6 3.2 2.4 
TCAA  4.6 10.2 - 5.6  2.0* 
(3.9) 
5.4 - 1.5  1.5* 1.6* - 0.1 
BDCAA  2.1* 
(3.2) 
4.6 - 1.4  0.4* 1.5 - 1.1  1.4* 
(3.2) 
2.8 0.4 
DBCAA  0.05* 0.6* - 0.6  0.1* 
(ND) 
ND ND  2.1* 
(3.1) 
3.0 0.1 
TBAA  0.6* 
(ND) 
ND ND  0.2* 
(ND) 
ND ND  1.1* 1.0* 0.1 
THAA9  41.9 29.4 12.5  19.7 14.2 5.5  21.1 17.9 3.2 
THAA5  36.6 21.0 15.6  17.3 11.6 5.7  15.5 8.3 7.2 
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Reaction of HAAs with Nicotinamide 
The IS-PCR-IC method uses a post-column reaction method (Emmert et al., 2007; 
Emmert et al., 2009; Geme et al., 2005; Simone et al., 2006; Simone et al., 2009), and the 
reaction of the HAAs in basic condition with the post-column reagent, nicotinamide, to 
form fluorescent products is investigated. This reaction is based on modified Fujiwara 
reaction (Reckhow & Pierce, 1992), which is the reaction of tri-halogenated species with 
a pyridine. This study will help to determine, if this reaction has similar pathway as 
Fujiwara reaction forming ultimately glutaconaldehyde that absorbs around 360-370 nm 
(Becher, 1972; Reckhow & Pierce, 1992; Uno, Okumura, & Kuroda, 1981), knowing that 







There are two general pathways that lead to the same final product, 
glutaconaldehyde; alkylated pyridine and amadine salts are the intermediates (Figure 11). 
Glutaconaldehyde absorbs at 360-370 nm, one amadine salt at 420 nm, and the other 
amadine salt at 530 nm. Three (3) absorption maxima can also be seen (Uno et al., 1981) 
at 360, 421, and 536 nm from the absorption spectrum of pyridine layer, when 
benzotrichloride is mixed with pyridine and heated for 3 minutes at 100ºC.  
Spectrophotometric measurements of HAA-nicotinamide reactions are done to see if 
these 3 absorption maxima can be observed, which help to understand the reaction 





Absorbs at 420 nm
Glutaconaldehyde
Absorbs at ~ 360 - 370 nm
Amadine salt 




























Figure 11. Modified Fujiwara Reaction (Adapted from Reckhow & Pierce, 1992). 
 
Reaction Mechanism 
A detailed mechanism of the reaction of tri-chlorinated compound, 
benzotrichloride, with pyridine is proposed by Uno et al. (1981). Based on this 
mechanism, a detailed mechanism of the reaction of TCAA with pyridine can be 
illustrated in Figures 12 and 13. Figure 12 shows one pathway of the reaction where 
glutaconaldehyde is produced from TCAA (1) and pyridine by six-step reactions. Figure 
13 shows a second pathway to produce glutaconaldehyde by at least seven-step reactions. 
The first step in the mechanism is the formation of alkylated pyridine (2) with the 
removal of chloro group attached to TCAA, followed by an opening of the pyridine ring 
in an aqueous base (in the first pathway, Figure 12) to ultimately produce 
glutaconaldehyde and a side product (SP1) . With the second pathway (Figure 13), 
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another pyridine can be added to the alkylated pyridine (2) with the removal of another 
chloro group, followed by a ring opening to also yield glutaconaldehyde and another side 
product (SP2).  
It can also be thought that the reaction of HAAs with nicotinamide has similar 
possible pathways, as proposed in Figure 14. In Figure 14, TCAA is added to the 
aromatic ring of the nicotinamide with the removal of a chloro group. Another 
nicotinamide can be added as well and these two pathways lead to the formation of 
glutaconaldehyde with the loss of the amide group.  However, this pathway does not take 
account of the effect of hydroxide ion (
−
OH) in the overall process.  
The amide group can be attacked by the hydroxide ion. In base-promoted 
hydrolysis of amides, amide ion (NH2
−
) is the leaving group (Miller & Solomon, 2000). 
Therefore, the amide group can be replaced by a carboxylic group, which can then 
undergo a decarboxylation. However, based on the actual experience from the IS-PCR-IC 
method, one of the resulting products can be ammonia because of its characteristic odor 
that can be recognized at the waste of the IS-PCR-IC system. A hydrogen ion can be 
added to the amide ion to form ammonia or the nitrogen is protonated to form ammonia 
cation (NH3
+
), which becomes a leaving group, as ammonia. If the final product of the 
reaction of HAAs with nicotinamide ought to be glutaconaldehyde, there should be a loss 
of the amide group, possibly via loss of amide ion and/or ammonia followed by 
decarboxylation, anywhere within the reaction mechanism (Figure 14). The order of the 
reaction steps can depend on a number of different factors:  
 The electron-withdrawing effect of the halogen group 
 The ability of the halogen, amide ion or ammonia as a leaving group 
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 The effect of the hydroxide ion on the amide group and on the nicotinamide ring 
These factors can influence the rate-determining step of the reaction of each HAA 
and nicotinamide reaction; and the order of the reaction step is difficult to anticipate, as 
each HAA has different number and different types of halogens; and a range of plausible 
reaction schemes can be considered. For example, once an HAA is added to the nitrogen 
of the nicotinamide ring, it can be thought that the hydroxide ion could be added to the 
ring first, causing the opening of the nicotinamide ring or the hydroxide ion is added to 
the amide group first causing the loss of the amide group. This can create competing 
reactions and can affect the rate of formation of glutaconaldehyde.  The rate of the 
product formation can be also affected by the type of HAA that is involved in the 
reaction.   
 
 
Figure 12.  Pathway 1 of Fujiwara Reaction Mechanism. (Adapted from Uno, Okumura, 












































Figure 13. Pathway 2 of Fujiwara Reaction Mechanism. (Adapted from Uno, Okumura, 


































































































TCAA-NCA Absorbance and Fluorescence. Recording the absorption spectrum of 
the reaction of TCAA with nicotinamide in basic condition by batch method helps to 
determine if there is a maximum peak at appoximately 360-370 nm, which may be an 
indicative of the formation of glutaconaldehyde. Peaks at approximately 420 and 530 can 
also be indicative of the amadine salts of the Fujiwara reaction. The absorption is 
recorded at times equal to 1, 5, 15, 30, 45, 60, and 75 minutes after mixing TCAA, 
nicotinamide and KOH at 78ºC.  
Figure 15 shows that there were only 2 maxima that were observed: one at 290 
nm and the other one at 360 nm. No pronounced peak is observed neither at 420 or 530 
nm. Even though if a maximum peak is present at 420 nm, this peak can be overlapped 
by the peak at 360 nm, which is a stronger and broader peak. No peak is observed at 530 
nm. Becher (1972) gives the absorption maximum peak for two glutaconaldehyde salts: 
glutaconaldehyde sodium salt is at 362 nm and glutaconaldehyde potassium salt at 362 
nm. Uno et al. (1981) attribute the peak at 360 nm to glutaconaldehyde. Therefore, it can 
be argued that TCAA reacts with nicotinamide in basic condition to form 
glutaconaldehyde.  
The second part of the study is to monitor the fluorescence intensity of the 
reaction of TCAA and nicotinamide excited at 290 nm as well as at 360 nm at times 
equal to 1, 10, 25, 40, 55, and 75 minutes after mixing TCAA, nicotinamide and KOH at 
78ºC.  Figure 16 shows that maximum fluorescence intensity is seen at 425 nm, when the 
excitation wavelength is set at 290 nm. By the end of the reaction time at 70 minutes the 
fluorescence intensity increases slightly and by only 5 units (top spectrum of Figure 16).  
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On the other hand, maximum fluorescence intensity is seen at 445-450 nm when the 
excitation wavelength is set at 360 nm. The fluorescence intensity increases from 35 units 
at 5 minutes to 200 units at 75 minutes (bottom spectrum of Figure 16). The increase in 
fluorescence intensity, when the reaction of TCAA and nicotinamide is excited at 360 nm 
from 5 to 75 minutes, can correspond to the formation of fluorescent product, which is 
believed to be glutaconaldehyde.   
HAA-NCA Fluorescence. This part of the experiment is to understand the 
fluorescence behavior of the HAA-nicotinamide products. Monitoring of the fluorescence 
intensity of the reaction of each HAA species (MCAA, MBAA, DCAA, BCAA, DBAA, 
TCAA, and TBAA) with nicotinamide can help to understand the reaction mechanism of 
HAA and nicotinamide. The reaction of BDCAA and DBCAA with nicotinamide is not 
studied, as the expense is too great to obtain the concentrations needed for the 
experiment. The fluorescence intensity is recorded at an excitation wavelength set at 360 
nm and as a function of time.  
Figure 17 shows the fluorescence emission spectra for MCAA- and MBAA-
nicotinamide reaction product at a maximum time of reaction of 15 minutes (left spectra 
of Figure 17). 15-minute reaction times correspond to the post-column reaction heating 
time in the IS-PCR-IC method. The reaction is pursued up to 75 minutes (right spectra of 
Figure 17). Figure 18 shows the fluorescence emission spectra for DCAA-, BCAA-, and 
DBAA-nicotinamide reaction products and Figure 19 for TCAA- and TBAA- 
nicotinamide reaction products.  
As it can be noticed from these figures, the reaction of each HAA with 
nicotinamide yield to the same fluorescent product with a maximum fluorescence peak at 
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445-450. This fluorescent product is thought to be glutaconaldehyde, since all figures 
have similar trend as the TCAA-nicotinamide fluorescence emission spectra. Minor 
differences can also been seen from these figures. After 15 minutes of reaction time, two 
emission maxima shouldering one another can be seen for all, except with TBAA-
nicotinamide emission spectra: one at 405 nm and the other one at 445-450 nm. The 405-
nm peak is still present by the end of the reaction at 75 minutes for MCAA-, DCAA-, and 
TCAA-nicotinamide reaction. However, it is not as pronounced as for the other 
compounds, whenever the other peak (445-450-nm) becomes stronger and broader. The 
405-nm peak can be thought as the Raman emission of water, as it can be deducted from 
the list of Raman peak maxima for water at particular excitation wavelengths 
(PerkinElemer, 2000) (Table 9).   
 
 Table 9  
Raman Peak Maxima of Water 
















These measurements demonstrate that fluorescence intensity gradually increases 
with time, indicating that these reactions produce the same type of fluorescent product, 
i.e., glutaconaldehyde absorbing at 360 nm and emitting at 445-450 nm. These 
measurements also demonstrate that not all HAAs present in the solution have reacted 
with nicotinamide after 15 minutes, which is the reaction time of the IS-PCR-IC method. 
The percentage of fluorescent intensity produced at 15 minutes is still low if compared to 
the one after 75 minutes (Table 10).  The percent intensity produced is not translated here 
as percent yield. This is an indicative that the reaction after 15 minutes has not reached 
completion.  
 
Table 10  
Percent Fluorescence Intensity Produced at 15 and 75 Minutes 
HAA-NCA 
Fluorescence 
Intensity at 15 min. 
Fluorescence 
Intensity at 75 min. 
% Intensity 
Produced (15 min.) 
MCAA-NCA 50 100 50 
MBAA-NCA 282 920 31 
DCAA-NCA 70 138 51 
BCAA-NCA 277 1527 18 
DBAA-NCA 144 577 25 
TCAA-NCA 50 202 25 





   
 
Figure 15. TCAA-NCA Absorption Spectra. Top: Scan range between 275 and 325 nm. 






Figure 16. TCAA-NCA Emission Spectra. Top: Excitation  = 290 nm. Bottom: 








Figure 17. MCAA and MBAA Emission Spectra. Excitation Wavelength Set at 360 



























































Figure 18. DCAA, BCAA, and DBAA Emission Spectra. Excitation Wavelength Set at 
























































































Figure 19. TCAA and TBAA Emission Spectra. Excitation Wavelength Set at 360 nm—
Left: Time after 15 minutes. Right: Time after 75 minutes. 
 
 
HAA-NCA Reaction Rate. According to the fluorescence intensity results, a 
relationship can be established between the increase of intensity and the increasing time 
of reaction. The reaction of each HAA with nicotinamide can be represented as follows:  
HAA + NCA + 
−
OH → Fluorescent Product 
A rate law can be expressed, as follows (Tro, 2010):  








with  k Rate constant 




















































The procedure uses a higher concentration of nicotinamide and hydroxide ion, and 
the concentrations of nicotinamide and hydroxide ion exceed that of HAAs by a factor of 
100. During the reaction, the concentrations of nicotinamide and hydroxide ion (
–
OH) can 
be thought to vary less than of HAAs. Their rate dependence can be excluded and the rate 
law can be simplified, as follows:  
Rate = k [HAA]
n
 
The reaction can be then pseudo-zeroth- (n = 0), first- (n = 1) or second- (n = 2) order. In 
this study, the change in fluorescence intensity (FI) is monitored instead of the 
concentration of HAAs because the fluorescence intensity is proportional to 
concentration of HAAs; therefore, the concentration and the rate can be re-written, as 
follow:  
[HAA] = constant x FI 
Rate = k ∙ Constant ∙ FI
n 
If the reaction is pseudo-zeroth-order, rate constants can be determined from the slope of 
the fluorescence intensity-versus-time plot. Figure 20 shows the plot of the fluorescence 
intensity as a function of time for each HAA-nicotinamide reaction, at an excitation 
wavelength set at 360 nm. These plots give a straight line, a correlation between product 
and time indicating zeroth-order reactions for MCAA-, DCAA-, BCAA-, DBAA-, and 
TCAA-nicotinamide reaction. The slope is obtained, and subsequently, the rate constants 





Table 11  
Reaction Constant for Zeroth-order Reaction 





MCAA-NCA 0.8 0.996 
DCAA-NCA 1.2 0.994 
BCAA-NCA 20.5 0.999 
DBAA-NCA 7.3 0.999 
TCAA-NCA 2.5 0.993 
 
 
The raw data sets for MBAA- and TBAA-nicotinamide reactions fit into a non-
linear regression function. At the beginning of the reaction, the rate of the reaction is 
constant and as the reaction progresses, the curves start to plateau after 45 minutes for 
MBAA-nicotinamide reaction and after 30 minutes for TBAA-nicotinamide. These plots 
can indicate that the reactions are not zeroth-order under all conditions, but they are only 
zeroth-order for a limited amount time, i.e., at the beginning of the reaction. Therefore, 
these plots can also suggest that only these two reactions are reaching completion faster 
than the previous ones. Given that fact, the reaction of MCAA, DCAA, BCAA, DBAA, 
and TCAA with nicotinamide may have not finished yet at the end of the reaction time, 
these plots may represent a zeroth-order reaction up to 75 minutes, which is represented 
by a straight line fluorescence intensity-versus-time plot; and the reaction may still be 
proceeding, if given more time. Therefore, the reaction may not be pseudo-zeroth-orde 
overall, if given sufficient time. Other options for treating these data for pseudo-first- and 
second-order reaction ought to be considered.  
Alternative integrated rate law equations (Espenson, 2002) are used in order to 
calculate the rate constant and to determine the possible rate law for HAA-nicotinamide 
reactions that are reaching completion and also for reactions that would have needed 
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excessive time to proceed to completion. For MCAA-, DCAA-, BCAA-, DBAA-, and 
TCAA-nicotinamide reaction, a time lag method (Espenson, 2002) may be more 
appropriate for the rate law, as these reactions may have not been complete. The time lag 
method consists of pairing the early points of the experimental data with the later ones, so 
that each pair of data should have the same time interval (). Table 12 summarizes the 
integrated rate law from which a rate constant may be determined and a rate law may be 
considered for each HAA and nicotinamide reaction. Table 12 shows some of the 
conceivable rate equations for first and second-order and for reactions that reached 
completion and for reactions that are not finished yet. For each case, an integrated rate 
law is given, the straight line plot function is given to construct the graph; and from the 
graph, a slope can be obtained, which is then used to calculate the rate constant.   
In Table 12, each order of reaction has different input and output variables that 
can produce a straight line. As the reaction is followed spectrophotometrically, the 
variables include fluorescence intensity (FI): FI (t) representing the fluorescence intensity 
at any given time, FI(∞) the fluorescence intensity final reading and FI(0) the 
fluorescence intensity initial reading.  For each HAA-nicotinamide reaction and using 
these variables, a series of graphs is constructed from the straight line plot function in 




















Figure 20. Kinetic Data. Fluorescence Intensity versus Time for MCAA, MBAA, DCAA, 
BCAA, DBAA, TCAA, and TBAA. 
 















y = 13.211x + 75.214
R² = 0.9385

















Linear (Up to 30 
min.)


































































y = 27.615x + 313.11
R² = 0.8732




















Table 12  
Rate Law Equations for First and Second-order Reaction  
(Adapted from Espenson, 2002) 
 
Equations for reactions proceeding to completion 
 












] =  −kt 
Straight Line Plot (Eq. 3) 
ln | FI(t) – FI(∞) | = f(time) 
Rate Constant (Eq. 4) 
k = slope 










Straight Line Plot (Eq. 7) 
[FI(t) – FI(∞)]
−1
 = f(time) 
Rate Constant (Eq. 8) 
k = slope ∙ {[FI(0) – FI(∞)] / [A0]} 
 
Equations for reactions not reaching completion 
 








Integrated Rate Law (Eq. 10) 
FI(t) =  
FI(∞) [1 – exp(k + FI(t+exp(k 
Straight Line Plot (Eq. 11) 
FI(t) = f[FI(t+ 
Rate Constant (Eq. 12) 
k =  
ln (slope )
τ
    
 
Integrated Rate Law (Eq. 14) 
FI(t) – FI(t+=  
k[A0]{FI(t+ − t ∙ [FI(t) – FI(t+−k[A0] ∙ ∙FI(∞) 
Straight Line Plot (Eq. 15) 
[FI(t) – FI(t+ = f[{FI(t+ − t ∙ [FI(t) – FI(t+]
Rate Constant (Eq. 16) 






Tables 14 through 20 show all the data points to be plotted and used to construct 
four graphs (A, B, C, and D) for each HAA and nicotinamide reaction (Figure 21 through 
27) by using the four equations (Eq. 3, Eq. 7, Eq. 11, and Eq. 15 in Table 12). These 
figures show that only TCAA-nicotinamide kinetic data plot don’t produce a straight-line 
graph. For the other HAA-nicotinamide reactions, only a first-order line is straight. From 
Eq. 4 and Eq. 12, rate constants (Table 13) can be determined, and are given in the 
following table: 
 
Table 13  
Rate Constant for First-order Reaction 
 First-order 

































From Eq. 12, with the assumption that the reaction is not complete, a rate constant 
for MBAA- and TCAA-nicotinamide reaction is not determined. Otherwise, the rate 









for TBAA- nicotinamide reaction. This represents a wide range of rate constant values 
and they are not consistent with values from Eq. 4 except for TBAA- nicotinamide 
reaction. It is important to note that these rate constants from Eq. 12 are obtained from 
only 3 data points, which may not be sufficient to ensure that these values are reliable.  
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From Eq. 4, with the assumption that the reaction is complete, a rate constant for 
MCAA- and TCAA- nicotinamide reaction is not determined. Otherwise, the rate 









TBAA- nicotinamide reaction. These values seem to be within the range of one another 
and appear to be self-consistent with the fact that MBAA- and TBAA- nicotinamide 
reactions are believed to be complete. Additionally, as shown from the calculations while 
assuming that the HAA- nicotinamide reactions are zeroth-order, MBAA- and TBAA- 
nicotinamide reaction plots are not straight, meaning that they are not zeroth-order. 
Therefore, it can be conclude then that they are first-order effectively. From these results, 
all HAA and nicotinamide reactions can be deduced to be pseudo first-order with respect 
to HAAs, if given sufficient time to complete the reaction. It is important to note as well 
that the rate constants obtained from the zeroth- and first-order reactions are not within 
the same range value; the reason may relate to the fact that other factors influencing the 
reaction rate is contained within the rate constant for the pseudo-zeroth-order reaction; 
thus, that is why the rate constants are higher.  










MCAA-NCA Kinetic Data Points. First and Second Order.  = 45 minutes. 
 
Time (min.) FI Ln |FI(t) – FI(∞)| [FI(t) – FI(∞)]
−1
 
1 40.3 4.10 - 0.0167 
5 41.2 4.08 - 0.0169 
15 50.4 3.91 - 0.0200 
30 65.8 3.54 - 0.0290 
45 77.0 3.15 - 0.0427 
60 90.6 2.27 - 0.1029 
75 100.4   
Time (min.) 
(t) 
FI(t) Time (min.) 
(t+ 
FI(t+ FI(t) – 
FI(t+ 
FI(t+ − t ∙ [FI(t) – FI(t+
 
1 40.3 45 77.0 - 36.7 114 
15 50.4 60 90.6 - 40.3 695 
30 65.8 75 100.4 - 34.5 1136 
 
 






MBAA-NCA Kinetic Data Points. First and Second Order.  = 45 minutes. 
 
Time (min.) FI Ln |FI(t) – FI(∞)| [FI(t) – FI(∞)]
−1
 
1 33.5 6.79 -0.00113 
5 67.4 6.75 -0.00117 
15 282.3 6.46 -0.00157 
30 580.0 5.83 -0.00294 
45 766.5 5.03 -0.00651 
60 928.4   
75 920.0   
Time (min.) 
(t) 
FI(t) Time (min.) 
(t+ 
FI(t+ FI(t) – 
FI(t+ 
FI(t+ − t ∙ [FI(t) – FI(t+
 
1 33.5 45 766.5 - 733 1499 
15 282.3 60 928.4 - 646 10619 
30 580.0 75 920.0 - 340 11120 
 
 






DCAA-NCA Kinetic Data Points. First and Second Order.  = 45 minutes. 
 
Time (min.) FI Ln |FI(t) – FI(∞)| [FI(t) – FI(∞)]
−1
 
1 49.2 4.49 -0.0113 
5 52.9 4.44 -0.0117 
15 70.4 4.21 -0.0148 
30 80.9 4.05 -0.0175 
45 99.8 3.64 -0.0261 
60 116.5 3.07 -0.0464 
75 138.0   
Time (min.) 
(t) 
FI(t) Time (min.) 
(t+ 
FI(t+ FI(t) – 
FI(t+ 
FI(t+ − t ∙ [FI(t) – FI(t+
 
1 49.2 45 99.8 - 50.6 150 
15 70.4 60 116.5 - 46.1 808 
30 80.9 75 138.0 - 57.2 1853 
 
 






BCAA-NCA Kinetic Data Points. First and Second Order.  = 45 minutes. 
 
Time (min.) FI Ln |FI(t) – FI(∞)| [FI(t) – FI(∞)]
−1
 
1 42.4 7.30 -0.00067 
5 90.1 7.27 -0.00070 
15 277.0 7.13 -0.00080 
30 623.8 6.81 -0.00111 
45 944.3 6.37 -0.00172 
60 1237.2 5.67 -0.00345 
75 1527.3   
Time (min.) 
(t) 
FI(t) Time (min.) 
(t+ 
FI(t+ FI(t) – 
FI(t+ 
FI(t+ − t ∙ [FI(t) – FI(t+
 
1 42.4 45 944.3 -902 1846 
15 277.0 60 1237.2 -960 15639 
30 623.8 75 1527.3 -903 28632 
 
 






DBAA-NCA Kinetic Data Points. First and Second Order.  = 45 minutes. 
 
Time (min.) FI Ln |FI(t) – FI(∞)| [FI(t) – FI(∞)]
−1
 
1 44.1 6.28 -0.00188 
5 66.5 6.24 -0.00196 
15 143.7 6.07 -0.00231 
30 265.5 5.74 -0.00321 
45 374.7 5.31 -0.00494 
60 471.9 4.66 -0.00951 
75 577.1   
Time (min.) 
(t) 
FI(t) Time (min.) 
(t+ 
FI(t+ FI(t) – 
FI(t+ 
FI(t+ − t ∙ [FI(t) – FI(t+
 
1 44.1 45 374.7 - 331 705 
15 143.7 60 471.9 - 328 5395 
30 265.5 75 577.1 - 312 9926 
 
 






TCAA-NCA Kinetic Data Points. First and Second Order.  = 45 minutes. 
 
Time (min.) FI Ln |FI(t) – FI(∞)| [FI(t) – FI(∞)]
−1
 
1    
5 34.7 5.12 -0.0060 
15 50.4 5.02 -0.0066 
30 86.8 4.74 -0.0087 
45 130.8 4.26 -0.0141 
60 176.7 3.22 -0.0399 
75 201.7   
Time (min.) 
(t) 
FI(t) Time (min.) 
(t+ 
FI(t+ FI(t) – 
FI(t+ 
FI(t+ − t ∙ [FI(t) – FI(t+
 
5 34.7 45 130.8 -96 611 
15 50.4 60 176.7 -126 2070 
30 86.8 75 201.7 -115 3650 
 
 






TBAA-NCA Kinetic Data Points. First and Second Order.  = 45 minutes. 
 
Time (min.) FI Ln |FI(t) – FI(∞)| [FI(t) – FI(∞)]
−1
 
1 44.9 7.60 -0.0005 
5 226.9 7.51 -0.0005 
15 911.9 7.03 -0.0009 
30 1553.6 6.20 -0.0020 
45 1825.1 5.40 -0.0045 
60 1962.9 4.41 -0.0121 
75 2045.6   
Time (min.) 
(t) 
FI(t) Time (min.) 
(t+ 
FI(t+ FI(t) – 
FI(t+ 
FI(t+ − t ∙ [FI(t) – FI(t+
 
1 44.9 45 1825.1 -1780 3605 
15 911.9 60 1962.9 -1051 17728 
30 1553.6 75 2045.6 -492 16806 
 
 




Based on all these kinetic data results and also based on MBAA- and TBAA- 
nicotinamide reaction order, under all conditions and if given more time for the reactions 
to be complete, the reaction of HAA with nicotinamide can be thought to be pseudo-first-
order with respect to HAAs. However, based on fluorescence intensity-versus-time plot, 
these reactions can be thought to be also pseudo-zeroth-order but just for a limited 
amount of time, as straight lines can be obtained from both zero-order and first-order 
reactions. Both cases demonstrate that the reaction processes of HAA with nicotinamide 
have different reaction rate depending on the analyte; and they are classified as follow, 
with increasing reaction rate:  
MCAA-NCA < DCAA-NCA < TCAA-NCAA < DBAA-NCA < < < MBAA-NCA < 
BCAA-NCA < TBAA-NCA (from the fluorescence intensity-versus-time plot) 
They are also classified, as follow, from the first-order reaction results:  
DCAA-NCA < BCAA-NCA and DBAA-NCA < MBAA-NCA < TBAA-NCA.  
There could be several reasons why the rate constants are different: the number 
and the type of halogenated atoms. The chemical behavior of chlorine and bromine atoms 
can influence this difference. The relative reactivity of chloro group can be faster than of 
bromo group, because chlorine is a more powerful electron-withdrawing atom than 
bromine atom; it increases the electrophilicity of the aromatic ring, making the addition 
of TCAA to nicotinamide faster than of TBAA, for example. On the other hand, bromine 
is bigger and less electronegative than chlorine. Bromine is a better leaving group than 
chlorine and this step can happen faster with a bromine atom as leaving group, leading to 
the formation of glutaconaldehyde faster. This may be the reason why the reaction 
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process of bromo-containing HAA and nicotinamide has a higher reaction rate than the 
HAAs that contain only chlorine atom in their structure.  
Also, as seen with the Fujiwara reaction (Figures 12 and 13), two possible 
pathways yield to glutaconaldehyde. Because of the characteristic of bromine atom being 
a better leaving group, this leads to two pathways, generating different type of alkylated 
nicotinamide and substituted glutaconaldehyde, which gradually yield to 
glutaconaldehyde, increasing then the amount of glutaconaldehyde that is produced per 
analyte. As seen in Figures 12 and 13, a total of 3 molecules of glutaconaldehyde can be 
generated per analyte, 1 molecule of glutaconaldehyde from Pathway 1 (Figure 12) and 2 
molecules of glutaconaldehyde from Pathway 2 (Figure 13).   
This trend is somewhat comparable between the batch method and the IS-PCR-IC 
method, as seen in Figure 28. The HAAs that contain only chlorine atoms, i.e. MCAA, 
DCAA and TCAA, exhibit the lowest fluorescence intensity. The HAAs containing both 
chlorine and bromine have the highest fluorescence intensity. The overall reaction 
process can be considered fast to form glutaconaldehyde, because of the presence of 
chlorine as better electron-withdrawing group, which favors the HAA to be attached to 
nicotinamide; and the presence of bromine as a good leaving group that favors Pathway 2 
generating 2 moles of glutaconaldehyde (Figure 13). The overall reaction can proceed to 
completion faster, generating a greater amount of glutaconaldehyde faster and thus higher 
fluorescence intensity. Figure 28 shows as well that the batch method and the IS-PCR-IC 
have similar trend for MBAA and TBAA. The peak intensity for MBAA is about half of 
that of TBAA, as seen from the chromatogram. The batch method gives a fluorescence 
intensity of 920 for MBAA and 2045 for TBAA; MBAA is half of the amount of TBAA. 
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And as shown from the kinetic data, both reactions of MBAA and TBAA with 
nicotinamide proceed to completion after 75 minutes. These results mean that this 
fluorescence intensity represents the maximum intensity that each HAA- nicotinamide 
reaction can attain. It also means that the reaction of MBAA and nicotinamide follows 
Pathway 1 (Figure 12) that lead to the formation of just 1 glutaconaldehyde molecule, 
whereas the reaction of TBAA and nicotinamide follows Pathway 2 that yields 2 
molecules of glutaconaldehyde. That is the reason why the MBAA fluorescence intensity 
is half the amount of TBAA fluorescence intensity. It can be deduced that HAAs 
containing both chlorine and bromine atoms undergo steps that lead to 2 molecules of 
glutaconaldehyde.  
Therefore, if given a sufficient time for the reaction to reach completion, the 
fluorescence intensity of mono-halogenated compounds should be the same and it should 
be roughly the same for di-halogenated compounds and tri-halogenated compounds. But 
because of the chemical behavior, the type and the number of halogens of the HAAs, 





Figure 28. Fluorescence Intensity Comparison between IS-PCR-IC and Batch Method.  
 
 
Mass Spectrometry Product Survey 
HAAs are DBPs formed in situ during the chlorination of water. They can be 
quantified whenever HAAs react with nicotinamide to form fluorescent products. A 
product survey using mass spectrometry could lead to clues about the mechanism of the 
HAA-nicotinamide reaction. The first intent is to survey the fluorescent products 
produced from the reaction of tri-halogenated species with nicotinamide, i.e., the reaction 
of TCAA and TBAA with nicotinamide, as the reaction is likely to yield information 
about chlorine and bromine isotopic patterns. This preliminary study is to run the system 
as it is: the HAAs are reacted using the IS-PCR-IC system to form the HAA-nicotinamide 
fluorescent products, from which a fraction is subsequently collected. The post-column 
heating time is 15 minutes. Samples are collected and stored in the fridge before being 
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sent for analysis. These samples are analyzed one day after the samples are prepared. It is 
important to mention that, as it is deduced from the spectrophotometric results, the 
reaction is not complete after 15 minutes of heating time. The samples to be analyzed 
may still have the starting materials, intermediates and final product. Each molecule may 
undergo structural change, depending on its stability after one day of storage.  
As the electrospray is a ―soft‖ ionization technique, it gives, in general, the 
molecular mass information about molecules present in these samples. Figures 30 
through 35 show the MS spectra obtained for TCAA- and TBAA-nicotinamide reaction 
products. In Figure 30, both spectra are identical across the mass range of 125-800 amu. 
No isotopic pattern that would indicate the presence of chlorinated or brominated 
products is seen. With this first set of study, the ratio of nicotinamide to HAA species 
may be too high and the concentration of the fluorescent product may be too low (within 
the range of 10
−4
 M) relative to the initial concentration of the HAAs injected. Because of 
this low concentration, all peaks may not have been seen.  Most of the peaks that are 
seen, labeled (1) through (14), seem to represent clusters of compounds: nicotinamide 
(NCA), potassium (K), nicotinic acid (NiAc), and formic acid (FAc). The observed m/z 
values are tabulated and compared with their exact mass (Table 21). Only few peaks may 
not be clusters of molecules.  
From the TCAA-nicotinamide sample spectrum, the peak at m/z 425.37 (Figure 
30 and 34) can be thought to be a dimer of molecule (A) (Table 22) with an exact mass of 
211.04. The protonated molecule has an exact mass of 212.04. The peak at m/z 667.34 
(Figures 30 and 35) can be a dimer of molecule (B) (Table 22) with an exact mass of 
333.08; and this can be confirmed with the presence of a peak at m/z 333.45 (Figures 30 
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and 33). The peak at m/z 381.52 (Figure 33 TBAA) can be thought as molecule (C) 
(Table 22) with an exact mass of 380.01. Molecule (C) should be followed by a ring 
opening with the loss of bromine atom to give a structure like molecule (B); and it may 
not be stable enough to stay that way. This molecule contains also a bromine atom and 
the peak does not exhibit the bromide isotopic pattern, but the exact mass corresponds 
quite well to the m/z value.   
In Figure 31 for TCAA, the peak at m/z 122.84 can be an un-reacted 
nicotinamide. It is plausible that the starting material may be still present because the 
reaction is not complete. The peak at m/z 94.55 can represent glutaconaldehyde with an 
exact mass of 97.03; however, there are 2 amu differences between these two values. 
Similar m/z values (95.05 and 94.86) are also seen in a second set of studies (Figure 36 
and 37).  
Because no halogenated isotopic pattern could be recognized, the second set of 
study is to do a batch method instead of using the fractionation method obtained from the 
IS-PCR-IC in order to perform an adequate product survey. The ratio of nicotinamide to 
HAA is reduced to be 100 to 1 in order to diminish the dilution of the fluorescent product 
in the solution. The final new concentrations are calculated to be 0.618 M each for 
nicotinamide and KOH and 0.00618 M for each TCAA and TBAA. Blanks for these 
samples are also injected.  
Clusters can be observed from the spectra, but also chlorine and bromine isotopic 
patterns are present. Figure 36 shows the MS spectra for blank and TCAA samples across 
the mass range of 0-500 amu. The difference between these two spectra comes from the 
presence 3 peaks at m/z 57.06, 112.88, and 239.27 in TCAA spectrum (Figures 36, 38 
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and 39). Peaks at m/z 112.88, 115.09, and 116.91 are representatives of 2 chlorines 
atoms. The exact mass of TCAA and nicotinamide are 161.90 and 122.05, respectively; 
therefore these two chlorines can only be attached to small molecules; thus, confirming 
the loss of chlorine atoms during the reaction process. Peaks at m/z 239.27 (95%), 241.23 
(100%), and 243.24 (50%) may be related to molecule (D) (Table 22) with exact mass of 
247.07. There are 8 amu differences between these values. This difference may be 
coming from the fact that samples are stored, shipped and stored cool again before 
analysis; and the all processes may take more than one day and molecules may have not 
been very stable. The peaks can be also attributed to [TCAA + H2CO3 + H2O] with an 
exact mass of 241.92. However, the trichlorinated isotopic pattern should be 100% at m/z 
241, 95% at m/z 243, and 30% at m/z 245. These values are closely related to the MS 
spectra values. Carbonic acid, which may form from combination of carbon dioxide and 
water, can also be present in the solution based on this interpretation. This may indicate a 
decarboxylation from the amide group.  
Structural features can be assumed although there is a difference between m/z and 
exact mass values. This can also be the case with the MS spectra for blank and TBAA 
samples across the mass range of 0-500 amu (Figures 37 and 40). Two peaks at m/z 56.80 
and 159.13 are not found in the blank but are present in the TBAA spectrum. The peaks 
at m/z 156.99 and 159.13 appear to have the correct isotopic pattern for monobrominated 
products. TBAA and nicotinamide have exact masses of 293.75 and 122.05, respectively; 
bromine could be then attached to side-products, and can be related to molecules (E) and 
(F) (Table 22) having exact masses of 150.93 and 165.91, respectively. Molecules (E) 
and (F) can be also related to the side products (SP1 and SP2) from Fujiwara reaction 
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(Figures 12 and 13). This suggests that the reaction of TBAA with nicotinamide give the 
same side products as in Fujiwara reaction. Also the peak at m/z 156.99 and 159.13 can 
be attributed to [Br
−
 + H2CO3 + H2O] with an exact mass of 158.93. Again there may be 
carbon dioxide in the solution.  
On the other hand, peaks at m/z value 57.06 and 56.80 appear both in TCAA- and 
TBAA-nicotinamide spectra but they are absent from the blank. These peaks can be 















Although the peaks at m/z 94.55 (Figure 31), 94.86 (Figure 36), and 95.05 (Figure 
37) can be thought to be related to glutaconaldehyde, they are found as well as in the 
blank. Therefore, these peaks may not be related to glutaconaldehyde, but clusters of 






] with an exact mass of 94.93. Therefore, it can be 
said the reaction steps of tri-halogenated species (i.e., TCAA and TBAA) with 
nicotinamide in basic condition can be thought to be similar to the Fujiwara reaction steps 
with the formation of glutaconaldehyde. Glutaconaldehyde is only found in TCAA and 
TBAA-nicotinamide sample, as it is confirmed from the possible fragmentation or 
decomposition of glutaconaldehyde with a peak at m/z 57 (Figure 29).  
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The reaction mechanism is believed to proceed according to the following outline: 
TCAA reacts with nicotinamide to give an intermediate, alkylated nicotinamide, which 
undergo decarboxylation via loss of amide ion or ammonia cation, to form amadine salt 
(as in Fujiwara reaction), molecule (D) (Table 22). This salt then reacts further to 
ultimately give glutaconaldehyde. Molecule (D) has a maximum absorption spectrum at 
530 nm, but based on the spectrophotometric results, no maximum peak is observed at 
this wavelength. The loss of amide group, via decarboxylation, may happen later in the 
reaction process. This may can be plausible because (1) only two maxima can be 
observed from the TCAA-NCA absorption spectrum at 290 and 360 nm, and (2) the 
samples are not analyzed right away and decomposition may have occurred by the time 
of analysis. However, from these interpretations, a plausible pathway can be drawn from 
the TCAA-nicotinamide reaction, as proposed in Figure 41. Molecules (A), (B), and (C) 
are measured from the MS measurements. Some intermediates are not identified, but with 
the Fujiwara reaction model, a reaction pathway can be proposed. TCAA reacts with 
nicotinamide to give intermediates, alkylated nicotinamide and substituted 
glutaconaldehyde, which undergoes decarboxylation via loss of amide ion or NH3, to 







Figure 30. Preliminary MS Spectra for TCAA and TBAA-NCA Products. Mass Range: 
125-800 amu.  
  
3.64kV; 30V cone; 150o Source; 250o Desolv T; No LC flow; 10uL/min;
m/z


































































Figure 31. Detailed MS Scan for TCAA- NCA Product. Mass Range: 0-500 amu.  
  
3.6kV; 30V cone; 100o Source; 150o Desolv T; No LC flow; 20uL/min; w/ formic
m/z




























Figure 32. Detailed MS Scan for TCAA- and TBAA-NCA Products. Mass Range: 155-
230 amu.  
  
3.64kV; 30V cone; 150o Source; 250o Desolv T; No LC flow; 10uL/min;
m/z



























Figure 33. Detailed MS Scan for TCAA- and TBAA-NCA Products. Mass Range: 235-
400 amu.  
  
3.64kV; 30V cone; 150o Source; 250o Desolv T; No LC flow; 10uL/min;
m/z


































Figure 34. Detailed MS Scan for TCAA- and TBAA-NCA Products. Mass Range: 395-
570 amu.  
  
3.64kV; 30V cone; 150o Source; 250o Desolv T; No LC flow; 10uL/min;
m/z



































Figure 35. Detailed MS Scan for TCAA- and TBAA-NCA Products. Mass Range: 570-
800 amu.  
  
3.64kV; 30V cone; 150o Source; 250o Desolv T; No LC flow; 10uL/min;
m/z























































Table 21  
Observed m/z Values for Clusters of Compounds 
Peak 
# 
m/z* Possible Clusters  M.W. Possible Clusters M.W. 













2 200.21  
200.27  












































6 361.40  
361.31  










7 368.27  
368.26  






[(2K – 2 NiAc
—





8 445.23  
445.34  







- 2K) + H]
+
 444.99 
9 522.39  
522.35  










10 529.33  
529.24  













11 606.35  
606.32  







- 3K) + H]
+
 605.98 
12 613.16  
613.27  
[(4NCA- 2K - FAc)  
+ H]
+










13 683.44  
683.39  










14 767.34  
767.29  







- 4K) + H]
+
 766.96 
* The first number represents the m/z value taken from the TCAA spectrum and the 






































































Figure 36. Blank and TCAA-NCA MS Scan.  
  
3.66kV; 30VCone; 130oC Source; 250oC Desolv T; 20 uL/min
m/z
























































Figure 37. Blank and TBAA-NCA MS Scan.  
 
  
3.66kV; 30VCone; 130oC Source; 250oC Desolv T; 20 uL/min
m/z
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Figure 39. Blank and TCAA MS Scan. Mass Range: 216-254 amu. 
  
3.66kV; 30VCone; 130oC Source; 250oC Desolv T; 20 uL/min
m/z





























































































































Figure 41. Proposed Reaction Pathways for TCAA with Nicotinamide. 
3.66kV; 30VCone; 130oC Source; 250oC Desolv T; 20 uL/min
m/z


































Glutaconaldehyde Spectral Behavior using Computational Chemistry 
In addition to experimental analysis, computational methods are employed to 
further study the fluorescence of the suspected HAA-nicotinamide product, 
glutaconaldehyde. Fluorescence emission is illustrated by the simplified Jablonski 
diagram in Figure 42 (Lakowicz, 1999).   
 
 
Figure 42. Jablonski Diagram: Abs. (Absorbance).  Fl. (Fluorescence), IC (Internal 




At room temperature, a molecule occupies the lowest vibrational level of the 
singlet electronic ground state (S0) (PerkinElmer, 2000). Upon photon absorption, the 
molecule is excited to a higher singlet electronic state (S1 or S2), with the magnitude of 
excitation energy being equal to the magnitude of the absorbed energy. From any given 
excited state, the molecule loses energy through emission-free processes, such as 
vibrational relaxation and internal conversion (S2 to S1 energetic transitions). From the 
lowest vibrational level of the S1 state, the molecule may release a photon or energy to 
return to any of the vibrational levels of the electronic ground state, resulting in the 
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phenomenon of fluorescence. Due to the processes of vibrational relaxation and internal 
conversion, the energy of the photon emitted during fluorescence is lower than the energy 
that is initially absorbed, corresponding to a longer wavelength of light. This difference 
in energy is the Stokes’ shift, which has been experimentally determined to be 90 nm for 
the TCAA-nicotinamide product (Figure 43).       
Calculation of absorption and fluorescence emission spectra of glutaconaldehyde 
has been determined from computational methods (Swan, 2011). The wavelength shift is 
found to be 54.4 (Swan, 2011), which is around 35 nm from the actual emission.   
Based on the computational studies, glutaconaldehyde can have multiple 
conformations resulting from cis/trans inter-conversions and alignment of oxo groups 
relative to the carbon skeleton (Figure 44). Only configurations (A) and (B) of the 
glutaconaldehyde have been predicted to fluoresce, from which the ring structure is 
conserved. This suggests that the nucleophilic attack (of 
–
OH) must come from the 
exterior of the heterocycle; and following this nucleophilic attack, the ring opens and the 
variability of the position of the second oxo group is a result of two different paths of 
attack. Based on configurations (A) and (B) (Figure 44), nucleophilic attack should occur 
then on carbon-2, carbon-6 as well as carbon of the amide group, as it also suggested 
from the mass spectrometry results, ultimately forming fluorescent product as seen in 
Figure 41. This prediction through computational methods confirms that the reaction of 










































The IS-PCR-IC is optimized to analyze HAAs in drinking water. Analysis of 
HAAs can be difficult because water samples are not free from high level of common 
anions interfering with the resolution of the HAAs and also they contain additional 
chloride ion amount, as they are collected using USEPA sample preservation protocols 
by using ammonium chloride. Water samples are prepared before injection into the IS-
PCR-IC system. The sample preparation is simple and fast with the use of chloride and 
sulfate ion removal cartridges to minimize the effect of ion matrix interferences. In 
addition, the introduction of on-line internal standardization method helps in the method 
performance of the IS-PCR-IC system and in more accurate analytical method for 
monitoring HAA concentrations in drinking water. The IS-PCR-IC can measure HAA 
species concentration at a single g/L level and can have an upper linear range limit of 
912 g/L; and the water sample results are comparable to the USEPA standard method 
for HAA analysis. Therefore, IS-PCR-IC with the internal standardization method is a 
reliable instrumentation for the analysis of HAAs in drinking water. Besides studying the 
IS-PCR-IC performance, the kinetics and the mechanism of the post-column reaction of 
HAAs with nicotinamide is studied by conducting spectral measurements as well as by 
using mass spectrometry for product determination. The spectrophotometric 
measurement shows a maximum absorption of 360 nm for glutaconaldehyde and the 
literature value is 362 nm. Glutaconaldehyde is also identified by mass spectrometry 
measurement. Additionally, computational measurement predicts that glutaconaldehyde 




Analysis of Chloramines by PCR-LC 
Chlorine can react with ammonia to produce inorganic chloramines (mono-, di-
and tri-chloramines), which have the ability to kill pathogens in water distribution 
systems. Chlorine can also react with other nitrogenous compounds, both natural and 
man-made, to form organic chloramines. The PCR-LC analyzer is developed to 
quantitate and speciate inorganic and organic chloramines. The method is based on post-
column reaction of chloramines with potassium iodide solution to ultimately produce tri-
iodide ion measured spectrophotometrically at 353 nm.  
Two inorganic chloramines (monochloramine and dichloramine), six organic 
chloramines (chloroethanolamine, dichloroethylene diamine, dichlorodiethylene triamine, 
chloromorpholine, dichloro-1,6-hexanediamine, and dichloro-1,2-cyclohexanediamine) 
and six chlorinated amides (chlorosuccinimide, chloramine-T, chloramine-B, sodium 
dichloroisocyanurate, trichloroisocyanuric acid, and chlorourea) are under study. The 
study includes stability as well as MDL, precision, and accuracy studies with the PCR-
LC method.  
Organic Chloramine Concentration Calculation 
Among all chloramine compounds under study, seven ought to be prepared from 
the reaction of organic amines (ethanolamine, ethylenediamine, diethylenetriamine, 




 to give 
chloroethanolamine, dichloroethylene diamine, dichlorodiethylene triamine, 
chloromorpholine, dichloro-1,6-hexanediamine, dichloro-1,2-cyclohexanediamine, and 
chlorourea, respectively. In order to quantify their concentration, combined chlorine is 
first determined using DPD colorimetric method. DPD method measure free chlorine and 
total chlorine and the combined chlorine can be obtained from the difference of the total 
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chlorine and free chlorine. A calibration curve is prepared for each free chlorine and total 
chlorine in order to quantify the free chlorine and total chlorine in each organic 
chloramine stock solution before any further study. In this study, free chlorine calibration 
curve is prepared from bleach solution. The buffer pH is 6.8 and the free chlorine is 
defined as the sum of HOCl and 
–
OCl at this pH level. Total chlorine calibration curve is 
prepared from monochloramine solution. Monochloramine is suitable for this study, in a 
way that monochloramine is prepared with an excess of ammonium chloride (Gordon et 
al., 1992)—the ammonia to chlorine ratio is at around 3 to 1—and this should form only 
monochloramine.  
The chemical basis of the DPD method, for free chlorine analysis, is based on the 
fact that the DPD amine is oxidized by chlorine to two oxidation products (Harp, 2002): a 
primary oxidation product, semi-quinoid cationic compound, known as Würster dye 
responsible for the pink color in the DPD colorimetric method; and an imine compound, 
which is unstable and colorless. For total chlorine analysis, the iodide ion present in the 
DPD total chlorine reagent reacts with monochloramine to form iodine as the tri-iodide 
ion (Harp, 2002). The tri-iodide ion reacts with DPD to form Würster oxidation product. 
The DPD Würster dye has two absorption maxima at 512 and 552 nm (Harp, 2002). For 
maximum sensitivity, absorption measurements can be made between 510 and 515 nm. 
Although from the HACH procedure, the measurement is selected at 530 nm because a 
wavelength between these two maxima can be adapted for different HACH instruments. 
In this study, the measurement wavelength is selected at 510 nm. For the free chlorine 
calibration curve, the concentrations (in mg/L as Cl2) are 0.36, 1.36, 3.64, 4.55, and 5.46 
mg/L Cl2. For the total chlorine, the concentrations (in mg/L as Cl2) are 0.29, 0.58, 1.45, 
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2.90, and 5.79 mg/L Cl2. And the absorption maximum values are then plotted in function 
of the concentrations.   
Figures 45 and 46 show the absorption spectra of the DPD Würster dye with two 
maxima at around 510 and 550 nm. For each calibration point, the maximum absorption 
value is plotted in function of the standard concentration. These two plots (Figures 45 and 
46) give a linear response within the concentration range from 0 to 6 mg/L (as Cl2) of 
either −OCl or monochloramine solution.  The slopes of the calibration graph can be 
considered low at 0.19 for the free chlorine and 0.21 for total chlorine. The regression 
coefficients (R
2
) are 0.992 for free chlorine and 0.998 for total chlorine. These 
compounds are prepared in reagent water, and any matrix interference is minimized; 
therefore the DPD method still provides acceptable sensitivity to quantify free chlorine, 
total chlorine and subsequently combined chlorine in these organic solutions. The 







Figure 45. Absorption Spectrum (DPD Würster Compound) and Calibration Curve from 
Free Chlorine Measurement. 
 
 
Figure 46. Absorption Spectrum (DPD Würster Compound) and Calibration Curve from 
Total Chlorine Measurement. 
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DPD method is based on oxidation-reduction reactions. For free chlorine analysis, 




 as follow:  
HOCl + H
+
 + 2e → Cl
−
 + H2O 
OCl
−









, with a reduction of chlorine 
by 2 electrons. As all compounds involved in reaction are chemically equivalent, because 
each is able to transfer 2 equivalents of electrons per mole, thus the free chlorine 
concentration can be expressed in moles per liter as Cl2, equivalents per liter as Cl2 or 
milligrams per liter as Cl2; and these units can be readily interconverted using molecular 
weight (70.90) or equivalent weight (35.45) of chlorine (Black & Veatch Corporation, 
2010).  
While measuring total chlorine, in this study, only monochloramine is present. As 
it is stated the reaction of monochloramine with potassium iodide solution yields to 
iodine as the tri-iodide ion to subsequently reacts with DPD to form DPD Würster dye. 




 + H20 → I2 + Cl
−
 + NH3 + OH
−
 
The atomic oxidation state of Cl in NH2Cl is Cl
+1
 and each mole of chlorine atom (Cl
+1
) 
gives one mole of I2. However, if free available chlorine, dichloramine or other organic 
compounds that contain chlorine atom in their structure are present in solution that is 
analyzed for total chlorine, then the chlorine reacts as well with iodide to liberate iodine 
as follows:  
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Hypochlorous acid:  HOCl + 2I
−












Organic Chloramines:  Org-NHCl + 2I
−
 + H20 → I2 + Cl
−
 + Org-NH2 + OH
− 
Dicholaramine:  NHCl2 + 4I
−
 + 2H20 → 2I2 + 2Cl
−
 + NH3 + 2OH
−
 
 For compounds that contain one chlorine atom (Cl
+1
), each mole of chlorine gives 
one mole of iodine; thus one mole of each compound can be said to contain one mole of 
available chlorine. For compounds that have 2 chlorine atoms of oxidation state Cl
+1
, one 
mole of these compounds gives 2 moles of iodine, and they are said to contain 2 moles of 
available chlorine. All these reactions involve the transfer of 2 electrons, thus 2 
equivalents of electrons per mole. Therefore, concentrations that are expressed in 
―milligrams per liter as Cl2‖ can be converted to ―moles per liter‖ and vice versa, by 
carefully taking account of the number of electrons that are transferred per mole 
(equivalents of electrons per mole) and also the number moles of iodine that is liberated 
for each reaction.  
In this study, combined chlorine concentration is determined for 
chloroethanolamine, dichloroethylene diamine, dichlorodiethylene triamine, 
chloromorpholine, dichloro-1,6-hexanediamine, dichloro-1,2-cyclohexanediamine, and 
chlorourea. Once the standard solution is prepared, DPD method is used for free chlorine 
and total chlorine analysis. This first step of the study is to know how much available 
chlorine they contain, as this is related to their oxidizing capacity. Therefore, they are 
expressed as ―milligrams per liter as Cl2‖ (mg/L Cl2), as this represents the actual 
chlorine values that they contain. This is done by subtraction of free chlorine value from 
total chlorine value.       
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Table 23 shows the results for total chlorine, free chlorine and combined chlorine 
mg/L as Cl2. The yield is to know how much of total chlorine is made of combined 
chlorine. This table shows that the percent yield is close to 100% for all organic 
compounds. It can be said that the procedure for their preparation as well as the molar 
ratio of the reactants seem to work well to give almost 100% of the chlorinated amine. 
 
Table 23  
 







(mg/L as Cl2) 
Free 
Chlorine 
(mg/L as Cl2) 
Combined 
Chlorine 
(mg/L as Cl2) 
Yield 
(%) 
Chloroethanolamine 5108 11.6 5096 99.8 
Dichloroethylene diamine 2086 5.0 2081 99.8 
Chloromorpholine 602 1.2 601 99.8 
Dichlorodiethyle triamine 358 0.2 358 100 
Dichloro-1,6-   
hexanediamine 
320 2.2 318 99.4 
Dichloro-1,6-
cyclohexanediamine 
910 2.2 908 99.7 
Chlorourea 1564 3.4 1560 99.7 
 
 
Another way to calculate the percent yield is by computation from the initial 
concentration of 
–
OCl solution that is used to prepare the organic chloramines. The 
combined chlorine measurement is still obtained from the difference between total and 
free chlorine concentrations. According to this alternative calculation (Table 24), the 
percent yield differs from the previous calculation in Table 23. The percent yield ranges 
from 16 to 84%.  
It can be said that the DPD reaction may have not proceeded to completion when 
the measurement is done. The fact is that reagents for DPD method can be found in two 
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forms, liquid or powder form (Black & Veatch Corporation, 2010). Reagents in powder 
form are more stable; but with reagents in liquid form, color development in the DPD 
measurements is faster (Black & Veatch Corporation, 2010). Therefore, with the powder 
form, it may require more time for full development of the DPD Würster dye. If given 
more time, the total chlorine concentration may have been found in a greater amount, 
thus increasing the combined chlorine level. The percent yield from both Tables 23 and 
24 may have been more comparable.    
An incomplete full development of DPD Würster dye can then affect the accuracy 
of the measurement. Therefore DPD method may not be quite reliable for accurate 
measurement of combined chlorine. However, DPD method is quite useful for this study, 
as the reagent in the powder pillow pack is easy and quick to use.   
 
Table 24 














Chloroethanolamine 7360 5096 69.2 
Dichloroethylene diamine 2462 2081 84.5 
Chloromorpholine 823 601 73.0 
Dichlorodiethyle triamine 1296 358 27.6 
Dichloro-1,6-hexanediamine 636 318 50.0 
Dichloro-1,6-cyclohexanediamine 1305 908 69.6 






Because different parameters may affect the stability of organic chloramines, as 
they ought to be prepared, one of the first studies is to investigate the stability of these 
compounds. During this study, the stability of synthesized organic chloramines is 
monitored by measuring their absorbance at 0, 4, 8, and 24 hours after the initial 
preparation of the compounds. These compounds are prepared based on molar ratio of the 
reactants, and the concentrations of the chlorinated organic chloramines are 0.53 g/L for 
chloroethanolamine, 0.36 g/L for dichloroethylene diamine, 0.51 g/L for 
dichlorethylenetriamine, 0.79 g/L for chloromorpholine, 0.57 g/L for dichloro-1,6-
hexanediamine, and 0.56 g/L for dichloro-1,2-cyclohexanediamine.   
As shown in Figure 47, the spectrum changes within the 24-hour study. 
Chloroethanolamine shows an absorption maximum at around 250 nm. This maximum 
peak decreases after 4 hours and another maximum can be seen at around 300 nm. 
Dichloro-1,6-hexanediamine shows similar spectral behavior. Dichloroethylene diamine 
and dichloroethylen triamine have similar trend in a way that their absorption maxima 
decrease slowly within 24 hours, meaning that they degrade slowly with time. 
Chloromorpholine and dichloro-1,2-cyclohexanediamine show no change in their 
absorption spectra. These results show that some compounds are somewhat unstable 
chemically within 4 to 24 hours depending on the compounds. Different factors may 
affect this instability. Therefore, once prepared, all these samples are stored at low 






Figure 47. Stability Study of Organic Chloramines using Spectrophotometric 



























































Separation of Chloramines and NaOCl Solution 
Two methods are developed to analyze 15 analytes: 14 chloramine compounds 
and bleach solution. Knowing that the bleach solution is prepared at pH 6.8, the most 
abundant free chlorine species present should be HOCl at this pH value (Black & Veatch 
Corporation, 2010). At pH 6.8, its percentage varies from 83 to 91% as the temperature 
decreases from 30 to 0ºC.  
The analytes are prepared with the following concentration: monochloramine at 
0.16 mg/L, dichloramine at 0.28 mg/L, chloroethanolamine at 0.060 mg/L, 
dichloroethylene diamine at 0.044 mg/L, dichlorodiethylene triamine at 1.31 mg/L, 
chloromorpholine at 0.084 mg/L, dichloro-1,6-hexanediamine at 0.82 mg/L, dichloro-1,2-
cyclohexanediamine at 0.33mg/L, chlorosuccinimide at 4.0 mg/L, chloramine-T at 13.4 
mg/L, chloramine-B at 2.6 mg/L, sodium dichloroisocyanurate at 1041 mg/L, 
trichloroisocyanuric acid at 41.1 mg/L, chlorourea at 2.56 mg/L, and bleach as 
–
OCl at 33 
mg/L, knowing that the most dominant species becomes HOCl at pH 6.8 (pH of the 
buffer solution in which the bleach solution has been prepared). 
A gradient elution allows elution of all these compounds in less than 10 minutes 





Figure 48. Chromatograms of Chloramine Compounds and NaOCl Solution Analyzed by 
PCR-LC in Gradient Elution. Monochloramine (M), dichloramine (Di), 
chloroethanolamine (A), dichloroethylene diamine (B), dichlorodiethylene triamine (C1 
and C2), chloromorpholine (D), dichloro-1,6-hexanediamine (E), dichloro-1,2-
cyclohexanediamine (F), chlorosuccinimide (I), chloramine-T (II), chloramine-B (III), 
sodium dichloroisocyanurate (IV), trichloroisocyanuric acid (V), chlorourea (VI), and 
bleach, knowing that the most dominant species becomes HOCl at pH 6.8 (pH of the 
buffer solution in which the bleach solution has been prepared). 
 
 
Figure 48 shows that all chloramine samples as well as bleach solution can be 
eluted with the PCR-LC system. However, coelution of compounds can occur if they are 
analyzed at once: dichloro-1,6-hexanediamine would coelute with chloromorpholine and 
dichloro-1,2-cyclohexanediamine; at the same time, dichloro-1,2-cyclohexanediamine 
would coelute with chloramine-B and sodium dichloroisocyanurate; and 
chlorosuccinimide with dichloramine; and trichloroisocyanuric acid with 
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monochloramine, sodium dichloroisocyanurate, and bleach solution.  Another problem 
lies in the fact that sample preparation conditions or decomposition lead them to have 
more than one compound in the solution; thus, more than one peak is seen in the 
chromatogram. This is the case for dichlorodiethylene triamine and sodium 
dichloroisocyanurate. However, seven chloramines samples are fully resolved: 
monochloramine, dichloramine, chloroethanolamine, dichloroethylene-1,6-diamine, 
chloromorpholine, chloramine-T, and chloramine-B.  
MDL, Accuracy, and Precision Studies 
Seven chloramines (monochloramine, dichloramine, chloroethanolamine, 
dichloroethylene diamine, chloromorpholine, chloramine-T, chloramine-B) are analyzed 
for MDL, accuracy, and precision studies, as they are all resolved with the PCR-LC 
instrument. MDL, accuracy, and precision studies are carried out using the USEPA 
recommended calibration protocol. It consists of preparing a calibration curve by plotting 
the peak area of the analyte against the concentration to determine the slope and the y-
intercept. Check standard is analyzed seven consecutive times to calculate the 
experimental concentrations. The MDL is calculated by multiplying the standard 
deviation of these experimental concentrations by the associated t-value at the 98% C.L. 
The mean % recovery is calculated to estimate accuracy and the %RSD to estimate the 
precision. The MDL, accuracy and precision studies are done using both the isocratic 
elution and gradient elution.  
With the isocratic elution, the calibration concentration ranges from 0.138 to 0.55 
mg/L for monochloramine, from 0.245 to 0.735 mg/L for dichloramine, from 0.252 to 
1.259 mg/L for chloroethanolamine, from 15.86 to 47.56 mg/L for dichloroethylene 
diamine, from 0.66 to 3.28  mg/L chloromorpholine, from 7.70 to 30.80 mg/L for 
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chloramine-T, and from 2.17 to 6.52 mg/L for chloramine-B.  As chloroethanolamine, 
dichloroethylene diamine, and chloromorpholine are prepared based on molar ratio of the 
reactants, the theoretical concentrations of the chlorinated organic chloramines are 
calculated. The calibration curve is plotted as peak area in function of the concentration 
(Figure 49).  
With the gradient elution, the calibration concentration ranges from 0.053 to 0.16 
mg/L for monochloramine, from 0.094 to 0.28 mg/L for dichloramine, from 0.020 to 
0.060 mg/L for chloroethanolamine, from 0.015 to 0.044 mg/L for dichloroethylene 
diamine, from 0.028 to 0.084 mg/L for  chloromorpholine, from 4.5 to 13.4 mg/L for 
chloramine-T, and 0.85 to 2.55 mg/L chloramine-B. The calibration curve is also plotted 
(Figure 50).  
The sensitivity (slope of the calibration graph) ranges from 1.8 for 
dichloroethylene diamine to 63.3 for monochloramine in isocratic elution and from 3.7 
for chloramines-T to 459 dichloroethylene diamine in gradient elution. This PCR-LC 
method provides good sensitivity to analyze chloramines. The regression coefficients 
(R
2
) are greater than 0.985.   
Table 25 shows the MDL result that ranges from 0.013 for monochloramine to 2.3 
mg/L for dichloroethylene diamine with the isocratic elution. Therefore, dichloroethylene 
diamine may not be detectable at less than 2 mg/L and it should not interfere with other 
analytes, if its concentration is low enough. The mean % recovery ranges from 85.8 to 
117.3% and the %RSD from 2.1 to 11.1%. Table 26 shows the MDL, precision, and 
accuracy results with the gradient elution. The MDL ranges from 0.002 for 
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chloromorpholine to 0.69 mg/L for chloramines-T. The mean % recovery ranges from 
87.2 to 130.1%. The %RSD value ranges from 3.2 to 12.7%.    
 
 
Figure 49. Calibration Curve for Seven Chloramines. Isocratic Elution.  
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Figure 50. Calibration Curve for Seven Chloramines. Gradient Elution.  
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Monochloramine 0.19 0.013 101.5 2.1 14.6 0.999 
Dichloramine 0.29 0.061 85.8 7.7 4.7 0.996 
Chloroethanolamine 0.38 0.058 101.7 4.8 6.6 1.000 
Dichloroethylene 
diamine 
19.0 2.3 105.7 3.7 8.3 0.995 
Chloromorpholine 1.0 0.43 117.3 11.1 2.3 0.995 
Chloramine-T 10.8 2.1 115.2 5.2 5.1 0.993 




















Monochloramine 0.064 0.022 87.2 12.7 2.9 0.999 
Dichloramine 0.11 0.019 106.4 4.9 5.8 0.996 
Chloroethanolamine 0.024 0.007 96.7 10.1 3.4 0.997 
Dichloroethylene 
diamine 
0.018 0.003 106.6 4.2 6.0 0.995 
Chloromorpholine 0.033 0.002 101.3 1.9 16.5 0.991 
Chloramine-T 5.4 0.69 130.0 3.2 7.8 0.991 







PCR-LC is developed to analyze inorganic chloramines, organic chloramines, and 
chlorinated amides. Inorganic chloramines, monochloramine and dichloramine, and 
organic chloramines are prepared, as they are not commercially available. Inorganic 
chloramines are prepared by mixing ammonium chloride with 
–
OCl solution; and organic 
chloramines are prepared in a similar manner by mixing amines with 
–
OCl solution. 
Inorganic chloramine stock solution concentration is obtained from spectrophotometric 
measurements using Beer-Lambert law equation; and organic chloramine stock solution 
concentration is determined by DPD colorimetric method. Stability studies of organic 
chloramines are performed prior to MDL, accuracy and precision studies, which show 
that the PCR-LC system can measure at a single g/L range for organic chloramines, at 
approximately 20 g/L range for inorganic chloramines and at hundreds of g/L for 
chlorinated amides. The mean percent recovery values range from 85.8 to 130.1%; and 








CONCLUSIONS AND RECOMMENDATIONS 
 
IS-PCR-IC Method to Analyze Haloacetic Acid 
The IS-PCR-IC can separate nine HAAs in one hour, work in near real-time, and 
it has the capability to be fully automated. It has acceptable MDL, accuracy, and 
precision values based on both the ideal method and the USEPA acceptable values. The 
water analysis results are excellent when compared to USEPA Method 552.3. The IS-
PCR-IC is an excellent candidate for on-line monitoring studies because it can be 
calibrated quickly and continuously using the on-line internal standardization and placed 
on-line within 1-2 hours, compared to around 8 hours using external calibration. Further 
study should include analysis of water samples from across the United States to obtain a 
larger variety of sample matrices.  
Results also demonstrate that sample preparation is required to remove common 
anion interferences to minimize their effect on the HAA elution, especially chloride and 
sulfate ion interferences; thus, water sample collected using USEPA sample preservation 
protocols cannot be introduced directly into the system. On-line configuration may be 
difficult to achieve until the sample preparation steps can be automated. Further 
development on the IS-PCR-IC should look towards automated sample pre-treatment to 
minimize the effects of the common anions on the chromatographic separation of the 
HAA species and to maintain the on-line capability of the IS-PCR-IC.   
An initial spectrophotometric study of the reaction of HAAs with nicotinamide 
gives kinetic data that are used to determine the order of the reaction with respect to 
HAAs. These data demonstrates that the sensitivity of the IS-PCR-IC method is actually 
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determined by the post-column reaction chemistry. Because each HAA has different 
kinds and numbers of halogens, each HAA reaction with nicotinamide has different 
reaction rates. After 15 minutes of heating within the post-column reaction, the reaction 
has not reached completion, meaning that there is a possibility that more products would 
be generated, leading to a complete reaction, if given more time. Therefore, the chemistry 
is to be improved to obtain more fluorescent products. Further study should look into 
optimizing the reactor chemistry to overcome the slow reaction of some HAAs with 
nicotinamide. An on-line catalysis set-up may increase the reaction rate of HAAs with 
nicotinamide. If more fluorescent products are formed, the MDL is lowered subsequently.  
Structural investigation is also conducted. MS spectra results show that the 
reaction can have two pathways, which both lead to the formation of glutaconaldehyde. 
The formation of glutaconaldehyde is confirmed by computational calculations. During 
this study, samples are not analyzed immediately, once prepared. Future study should 
include the analysis of reaction products at a certain time interval in order to have a more 
detailed and complete reaction mechanism.     
PCR-LC Method to Analyze Chloramines 
Another analyzer, the PCR-LC is developed and is able to analyze and distinguish 
among inorganic chloramines and organic chloramines. The method gives acceptable 
MDL, accuracy, and precision values for seven chloramine species. Despite that some 
organic chloramines have to be synthesized; samples can be injected directly without any 
preparation. Moreover, the short analysis time of less than 10 minutes presents an 
advantage over the other analytical methods available. Since some chloramine 
compounds are not very stable, the PCR-LC can be capable of providing a near-real time 
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measurement. As a total of fourteen chloramine species can be eluted with PCR-LC and 
only seven of them can be separated, further study should include more chloramine 
compounds to be analyzed. Also the PCR-LC performance should be tested with wide 
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